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THF

tetrahydrofuran
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tetramethylsilane
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p-toluenesulfonyl
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ABSTRACT
This thesis presents a number of new applications of racemic and
optically active sulfoximines to diastereoselective and

asymmetric

synthesis. In the first Chapter a review is made of the preparation
of racemic and optically active sulfoximines and their applications
to organic synthesis. The general aims of this project are presented.

In Chapter two, our attempts to develop an asymmetric synthesis
of the insect pheromone, Lardolure are presented. In the first step,
the Michael addition reaction of lithiated N-tosyl 5-allyl 5-phenyl
sulfoximine with

3-penten-2-one

was

undertaken. This

reaction

gave the 1,4-cc adduct with good diastereoselectivity (85 : 15). In
the second step, the diastereoselective reduction of y-keto

allylic

sulfoximines with D I B A L - H was explored. The stereochemistry of
both

the

determined

Michael
by

adduct

a combination

analysis and N M R

and

the

reduction

products

of single crystal X-ray

were

structural

spectroscopy. Further synthetic studies towards

the preparation of Lardolure were not pursued since the desired
Michael addition of the O -protected y-alcohol allylic

sulfoximines

with 3-penten-2-one did not occur.

A novel palladium(O) catalysed rearrangement of primary and
secondary allylic sulfoximines to their isomeric allylic sulfinamides,
which upon subsequent base hydrolysis gave the corresponding TVprotected allylic amines, is reported in Chapter three. This facile

rearrangement was shown to be highly efficient and regioselective.
When

optically

active

secondary

allylic

sulfoximines

were

employed, these rearrangements resulted in the formation of chiral
N-protected

allylic

mechanism

and

amines
the

in high

enantiomeric

stereochemical

purities. T h e

outcomes

of

these

rearrangement reactions are also discussed.

In Chapter four, the stereochemistry and diastereoselectivity of the
Michael additions of oc-lithiated sulfoximines with

enones

under

kinetically controlled conditions are reported. The initially formed
anionic

Michael

displacement

adducts

of

the

cyclopropanes. The
acyclic

enones

found

to undergo

sulfonimidoyl

group

reactions of oc-lithiated

gave

diastereoselective

were

cyclopropanes

manner.

Optically

in

intramolecular

at

rt

to

give

sulfoximines

with

a highly

active

efficient

versions

of

and
these

sulfoximines gave cyclopropanes in high enantiomeric purities. The
absolute stereochemistries of the Michael adducts were determined
from single crystal X-ray analysis and the stereochemistry of the
cyclopropanes were determined by ID and 2 D N M R

spectroscopy.

An one-pot method of preparation of bicyclo[2.2.1]heptanones and
bicyclo[2.2.2]octanones

via the Michael addition of five and six

membered cyclic enones with lithiated 5-allyl 5-phenyl sulfone at
rt was

developed

employed

then

stereochemistry

in Chapter

novel

five. W h e n

3-cyclohexen-l-ols

acyclic
were

of these annulation products was

single crystal X-ray structural analysis and N M R

enones

were

obtained.

The

determined

spectroscopy.

by
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Chapter 1

CHAPTER 1

Introduction

1.1. Sulfoximines

Sulfoximines

were first reported by

Bently

and

Whitehead in

1950. 1 W h e n the substituents R 1 and R 2 are different, as shown in
the general sulfoximine structure below, sulfoximines are chiral due
to the stereogenic sulfur atom. These compounds can be prepared
in high enantiomeric purities either directly from optically active
sulfoxides 2 ' 3 or by the resolution of racemic mixtures of Nunsubstituted sulfoximines (R 3 = H).4>5 Optically active sulfoximines
have found increasing application in asymmetric synthesis because
of their highly regioselective and diastereoselective reactions. These
compounds have been used for the asymmetric synthesis of new CC, C-N, and C-O bonds.6"9

o

y sv
Sulfoximine

1.2. Preparation of Sulfoximines

General methods for the preparation of sulfoximines include: (a) the
oxidation of sulfides to give sulfoxides followed by animation;2"4'10"
20

(b) the animation of sulfides, to first form sulfilimines, and then

oxidation;14'16'21"26 and; (c) the reaction of sulfonimidoates17'27'28 or
sulfonimidoyl

fluorides, 29-31

which

can

be

prepared

from

sulfonimidoyl chlorides, with organometallic reagents ( R 2 M ) 1 7 ' 2 7 ' 2 8
(Scheme 1.1).
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Scheme

1.1

0
Oxidation

Amination
R1-S—

sulfoxide

1_S__R2_

XS—R

„
2

1

(b)

Sulfide

II

••

(a)
R

0

R2

Amination

1

R -S-R

-* R V 3

2

Sulfoximine

Oxidation

3

NR

sulfi limine

O

o
II

NaOR
Inversion

,

Sr-R 1
RO^ SNR3

R2M
Inversion

—

O

y *NR»
Sulfonimidoyl

0

R

sulfonimidoate

(c)

s—ci

II

R2M

S-F

II

2

^S—

R2

y %*>
Sulfoximine

chloride
sulfonimidoyl
fluoride
(* these steps most likely involve inversion at sulfur however no studies have been reported)

1.3. T h e Synthesis

of Optical Active

Sulfoximines

The preparation and chemistry of chiral organosulfur reagents have
received m u c h

attention since the early 1960's.9 Interest in this

area was initially concerned with the mechanism of nucleophilic
substitution at tri- and tetracoordinate sulfur and, more recently,
with

the exceptional

versatility

these

compounds

exhibit, in

asymmetric reactions.6"9 Typical chiral organosulfur compounds are

Chapter 1

_____

4_

sulfinate esters, sulfonium salts, sulfoxides and sulfoximines. Fou
approaches that have been used for the preparation of optically
active sulfoximines are summarized below:

(a) Direct Classical Resolution of Racemic Sulfoximines
via Their Basic Nitrogen Site or Other Resolution
Handle

Enantiomerically pure (+)-(5)- and (-)-(R )-5-methyl-5phenylsulfoximine

are readily

available

via the resolution of

racemic (1) with either (+) or (-)-lO-camphorsulfonic acid (2), 4 ' 5 3 2
respectively (Scheme 1.2).

Scheme 1.2
O
ft

Ph—S—Me

II
NH
Racemic (1)

From

enantiomerically

1. (+)-camphorsulfonic acid (2)

II

2. separation of diastereomeric

Ph^S-^Me
II

S 3 Its

3. NaOH / H20

pure

NH
(+WSH1)

(5")-(l), a variety of //-substituted

optically active sulfoximines have been prepared. For example, (+)(S)-iV-tosyl-S'-methyl-S'-plienylsulfoximine

(3) can be readily

prepared via tosylation of (S)-(l) with /?-toluenesulfonyl chloride16
(Scheme 1.3).

Chapter

1

Scheme

1.3
0

o
II
Ph^S-^Me

pyridine, TsCl

Phi

II

Me

•S-*

11

II

NH
(+)-(S)-(1)

NTs
(+)-(S)-(3)

Enantiomerically

pure

(+)-AT-(phenylsulfonyl)-5-(3-carboxyphenyl)-

5-methylsulfoximine

( + ) - ( 4 ) , w h i c h has a n acidic site, c a n be

prepared

via resolution of racemic (4) with enantiomerically

(-)-a-methylbenzylamine
salts 33

diastereoisomeric

Scheme

by

the fraction

recrystallization

of

( S c h e m e 1.4).

1.4
H02C

H0 2 C

1. (-)-oc-methylbenzylamine
-S — M e
\ >

II

NS02Ph
racemic (4)

(b)

pure

Trapping

<?%—S

2. separation of diastereomeric
salts
3. HCI / H 2 0

—Me
NS02Ph

(+)-(4)

of "Nitrenes" with Optically Active

Sulfoxides

Kwart and Kahn 1 4 discovered a method for the preparation of Ntosyl sulfoximines using the copper-catalysed reaction of sulfoxides
and tosylazide. This method

was

optically active ^-substituted

sulfoximines from

sulfoxides, without

any

Andersen3 (Scheme 1.5).

apparent

used for the preparation of

racemization

optically active
by

Cram 2

and

Chapter 1

Scheme

1.5

o

o

I TsN3, Cu II
H

R2

R

R2

A simple one-step method for the preparation of optically active
sulfoximines from optically active sulfoxides has been described by
Johnson.20 Amination of optically pure (+)-(/?)-5-methyl-5-tolyl
sulfoxide with (9-mesitylenesulfonylhydroxylamine (MSH) occurs
with retention of configuration on sulfur to give the corresponding
(-)-(#)-sulfoximine m g°od Yield and ni§n enantiomeric purity20
(Scheme 1.6).

Scheme 1.6
O 0
II
Mei^S-^Tol

MSH
•

II
Me^S-^Tol
II
NH

(+).(A) (-)-(R) 80%, ee = 98.5%
(c) Stereospecific Oxidation of Optically Active
Sulfilimines
Potassium permanganate1'3-21 or m-chloroperoxybenzoate anion2'22
cleanly effects oxidation of optically active (S)-N-tosyl-S-methyl-Stolylsulfilimine to its corresponding optically active (R)-N-tosyl-Smethyl-S-tolylsulfoximine with retention of configuration at sulfur3
(Scheme 1.7).
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Scheme

1.7

o
KMn0 4
Me^- S -^ Tol
II

»•
or
m-CIC6H4C03-

NTs

||
Mel*- S -^ Tol
||
NTs

(S)

(d)

(R)

Nucleophilic Substitution of Optically Active
or Sulfonimidoyl

Sulfonimidates
Organometallic

Fluorides

with

Reagents

Optically active sulfonimidates can be prepared by the reaction of
optically active sulfonimidoyl chlorides with sodium phenoxide.
These reactions occur with inversion of configuration at sulfur.34
Colonna, 18 ' 19 Johnson,17'27 and Pyne 2 8 individually described the
preparation of optically active sulfoximines from the reaction of
optically active sulfonimidates with organometallic reagents with
inversion of configuration at sulfur. For example, optically active
(S)-iV-methyl-S-phenyl-benzenesulfonimidate

reacted

with

methyllithium to furnish (S)-N, S-dimethyl-S-phenylsulfoximine
(5) 19 in a good yield (Scheme 1.8).

Scheme 1.8

o
||
PhO^S-^Ph

o
MeLi
^

||
Ph^S-^Me

II

II

NMe
(S)

NMe
(S)-(5)
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Substitution of the chloride from sulfonimidoyl chlorides by a
variety of nucleophiles is generally successful except for the
reactions with alkyllithium reagents, which generally results in the
formation

of

sulfinamides

rather

than

sulfoximines. 29 - 30

Alternatively, treatment of sulfonimidoyl chlorides with fluoride
ion (sodium fluoride in acetonitrile, tetra-butylammonium fluoride
in acetonitrile, or potassium fluoride in acetonitrile containing 18crown-6) results in good to excellent yields of the corresponding
sulfonimidoyl

fluorides.31 These compounds react with primary

alkyllithium reagents to give the corresponding sulfoximines in
good to excellent yields. For example, the reaction of

N-(l-(S)-

naphthylethyl)-S-phenylsulfonimidoyl fluoride with methyllithium
gave the two diastereoisomers of N-(l-(S)-naphthylethyl)-S-methyl
S-phenylsulfoximine in 7 9 % yield31 (Scheme 1.9).

Scheme 1.9
O
|| .
Cl—S —Ph
II
NR
Bu'OCI RLi

n*
Ph—s:
I
NHR

o
Bu4NF
|| t
• F—S —Ph
H
NR

O
LMeLi

II*
»~ M e — S — P h
2. separation of
'
NR
diastereoismers
(+)-isomer 4 8 %
(-)-isomer 3 1 %

R = (-)-(1-naphthyl)ethyl

1.4. S-Alkyl-S-Arylsulfoximines

S-Alkyl-S-arylsulfoximines are readily deprotonated at the carbon
a

to the sulfoximine group and the stabilized carbanions react

efficiently with electrophiles ( E + ) to give substitution products 68
(Scheme 1.10).

Scheme 1.10
O
II

n-BuLi

H 3 C — S — Ph

o
||

+•

E

LiH 2 C—S—Ph

II

II

NR

NR

o
II

+

•

E-CH 2 -S— Ph

II
NR

In the case where the electrophile is an aldehyde,28'35"37 ketone35 39

or imine 40 " 43 the diastereoselectivity is high only when the N-

substituent of the sulfoximine is sterically demanding. The 1,2addition of lithiated sulfoximines to ketones is reversible and this
property has been used to resolve chiral ketones.38 For example,
the addition of the lithiated

(+)-(S)-N,S-dimethyl-S-phenyl

sulfoximine (5) ( 9 9 % ee), under kinetically controlled conditions (78 ° C ) , to racemic menthone

gave three of the four possible

diastereoisomeric adducts. These
be separated

by column

diastereoisomeric adducts could

chromatography.

Thermolysis

of the

individual two major diastereoisomeric carbinols at 140 ° C gave dand /-menthone, respectively, in high enantiomeric purities (909 3 % ee) 3 8 (Scheme 1.11).

Scheme 1.11
lithiated (+)-(S)-(5) + racemic menthone
1 separation of diastereoisomers
H

*

+

H

HO,

(10%)

140 °C

140 °C

E_CH3

°-

+i s:—CH.

+

^tx E-

CH,

/-menthone
(90% ee)

tf-menthone
(90% ee)

O n the another hand, optically active p-hydroxy sulfoximines have
been

prepared

by the addition

the lithiated optically

sulfoximines to prochiral ketones

active

and aldehydes. T h e ketone

adducts, after separation by column chromatography on silica gel,
were

desulfurised with Raney

nickel to yield optically active

tertiary alcohols.38 For example, the addition of lithiated (+)-(S)AAS-dimethyl-S-phenylsulfoximine

(5) ( 9 7 % ee) to ethyl phenyl

ketone gave a diastereomeric pair of adducts. These adducts were
separated

by column

chromatography. T h e major

p-hydroxy

sulfoximine was treated with Raney nickel to yield (+)-2-phenyl-2butanol with 9 8 % ee 38 (Scheme 1.12).
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1 1

Scheme 1.12
0 ph 1 • separation of ph
••*• . H , w « ™ EtC0Ph
lithiated (+)-(S)-(5)
•

"*
'*
Ph_SA_c_cl_Et
N M e ^ OH

diastereoisomers
,
^Me_c!_Et
2. Raney Ni
^
(98% ee)

The

aldehyde

adducts

are usually

less readily separated

by

chromatography than the above ketone adducts and the mixture of
diastereoisomeric P -hydroxy sulfoximines has been treated directly
with Raney nickel to yield secondary alcohols with optical purities
of 30 to 46%.36.58

1.5. S-Allyl-5-Arylsulfoximines

In contrast to the chemistry of S-alkyl-S-arylsulfoximines,
relatively

little is known

about

the

chemistry

of 5-allyl

sulfoximines.6 In 1979, Johnson27 reported the preparation of Nmethyl-S-allyl-S-phenylsulfoximine

(7) by the reaction of N-

methyl-O-phenyl-S-benzenesulfonimidate

(6) with freshly

prepared allyllithium (Scheme 1.13). This method can also be used
to prepare enantiomerically pure allylic sulfoximines by using
enantiomerically pure sulfonimidates or sulfonimidoyl fluorides
and allyllithium reagents44"45 (Scheme 1.13).
Scheme

1.13

0
||
1.0°C,2h
P h — S - O P h + LiCH2CH = CH 2
•
II
2.3°C,24h
NM8
3. H 2 0
(6)

3 0009 03204537 4

0 Ph
H/
^ ^ S %
NMe

71 % (7)
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Racemic or optically active allylic sulfoximines can be prepared, in
general, from the reactions of racemic or optically active lithiated
/"/-substituted S-methyl-S-phenylsulfoximines
compounds.
elimination

The
of

resulting
the

p-hydroxy

P-hydroxy

group

(8) with carbonyl

sulfoximines
upon

undergo

treatment

with

methanesulfonyl chloride and base to give a mixture of vinylic
sulfoximines (9) and allylic sulfoximines (10). The ratio of (9) and
(10) is dependent upon the nature of the substituent R at nitrogen.
//-Alkyl substituents favour vinyl sulfoximines (9) while a N-tosyl
or a iV-silyl48
sulfoximines

substituent usually

favours

formation

of allylic

(10). Treatment of isomeric mixtures of (9) and (10)

with K O M e / T H F gives exclusively the desired racemic or optically
active

allylic

sulfoximines

(IO). 4 4 " 4 8

In the latter cases these

reactions occur without racemisation at sulfur (Scheme 1.14).

Scheme

1.14
R2

O
II .Ph

R
NR
O
II .Ph
Me—S*
NR
(8)

1.n-BuLi/THF
2. R 1 CH 2 COR 2

(9)

+

KOMe
THF

3. MsCI / Et3N
4. DBU
R2

O
II .Ph

Rl
NR
(10)
R = Me, Ts, SifeuPh2

13
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In 1991, G a i s 4 6 reported the regioselective isomerization of the
vinyl sulfoximine (11), by treatment of (11) with L i O M e in toluene
/ T H F at 40 °C, to give the enantiomerically pure allylic sulfoximine
(12) in good yield (Scheme 1.15). Gais mentioned that the allylic
sulfoximine (12) suffered no racemization at the sulfur atom upon
heating a solution of (12) in toluene at reflux.
Scheme

1.15
NMe
P

S* H

LiOMe, 40 °C
toluene / THF

O
(11)

7 7 % (12)

Harmata49 reported that racemic iV-phenyl-S-(4-methylphenyl)
sulfoximidoyl chloride (13) reacted with allyltrimethylsilane in the
presence of aluminium chloride to give racemic JV-phenyl-S-allyl-S(4-methylphenyl)sulfoximine
hand, ( 1 3 ) reacted

with

(14) in low yield. O n the another

allyltributyltin to

give

mainly

(14)

(Scheme 1.16).

Scheme

1.16
o

||
p-Tol—S—Cl
II
NPh
(13)

AICI3/CH2CI2
+ XCH 2 CH = CH 2
•
-78°C

JLP"TO1

^^S

%
NPh

(14)
X = TMS, 23 %
X = SnBu3, 77 %
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In 1992, Reggelin44 introduced an effective approach to
enantiomerically

pure

allylic

sulfoximines

(20) and (21) via

nucleophilic substitution of the cyclic sulfonimidates (18) and (19)
with organoiithium or Grignard reagents. For example, starting from
p-toluenesulfinyl chloride

(15) and (S)-O-trimethylsilyl-valinol

(16), the sulfinamide (17) was obtained as a 1 : 1 mixture of
diastereoisomers in almost quantitative yield. After reacting (17)
with f<?rr-butyl hypochlorite and
resulting
separated

diastereoisomeric

then cyclisation with K F

sulfonimidates

the

(18) and (19) were

by column chromatography on silica gel. Treatment of

(18) with allyllithium gave optically pure (20) with inversion of
stereochemistry at sulfur. W h e n (19) was treated with allyllithium,
(20) was

obtain in very poor enantiomeric purity (7.2% ee).

However, treatment

of (19) with

the corresponding

Grignard

reagent gave optically pure (21) with inversion of configuration at
sulfur (Scheme 1.17). Reggelin mentioned that an excess of the
organometallic reagent (2 equiv.) was necessary to achieve high
yields.
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Cl

+
H2N
(16) OSiMe 3
EtNMe 2

O

II
N
H
(17)

OSiMe 3

1. f-BuOCI
2. KF, 18-crown-6
3. separation

+

XfX

J

(19)

(18)
Li
u

MgBr

2 equiv
2 equiv.

7.2% ee

2 equiv.

O

O

II

II
N.

OH

1993, P y n e 5 0

JXi

OH

89%, (21)

92 %, (20)

In

N

reported

for the first time

the

amination

racemic allyl phenyl sulfoxide with 0 -mesitylenesulfonyl

of

16
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hydroxylamine
described

using

Johnson,20

by

sulfoximine
readily

(MSH),

a

modification

to give racemic

of the

procedure

5-ally 1-iS-phenyl

(22). Although the yield of (22) was poor, it could be

obtained

pure

procedure (Scheme

by

a

simple

acid

extraction

purification

1.18).

Scheme 1.18

o
II

HoNO—S—a

.S,
1. CH2CI2
2. NaOH

O

II
s.
29 %, (22)

Pyne50 has also prepared racemic N-f-butyldiphenylsilyl-S-allyl-Sphenylsulfoximine

(2 3 )

by

silyiation

of

(2 2 )

with t-

butyldiphenylchlorosilane in high yield (Scheme 1.19).

Scheme 1.19

o
II

imidazole /DMF
NH

(22)

Cl-SiteuPr^

II
^X/S\\TPh
NSifBuPh2
88 %, (23)

Later, Pyne

and

Dong10

prepared

N-tosyl-S-allyl-S-phenyl

sulfoximine (24) by the tosylation of (22) with /?-toluenesulfonyl
chloride (Scheme 1.20).

Scheme 1.20

o
|

pyridine / CH 2 CI 2

*

^^T^h
NH

TsCl, 1 h

(22)

81 %, (24)

1.6. The Reactions of Allylic Sulfoximines

Gais has demonstrated that the optically active allylic sulfoximine
(S)-(25) undergoes S^2 or Sf^T like displacement reactions with
organocopper reagents to give the y- or a-substitution

products,

(26) or (27), respectively.46,48,51 Allylic N - m e t h y l - S - p h e n y l
sulfoximines react with organocuprates (R2CuLi or R C u ) with high
selectivity to give oc-substitution products. W h e n the corresponding
organocopper reagents are employed, in the presence of boron
trifluoride and lithium iodide, the y-substitution

products

were

obtained in equally high selectivity. S o m e representative examples
are shown in Scheme 1.21 and Table 1.1.
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1.21
R1

R1

|

n-W'^^f "
R

n-BuCu, Lil
BF3, Me2S, THF

i

0 2
+

Y^ n - B u

2

R2

(26)

(27)

+

0

II
:s-HiiPh
) NMe

(S

Table 1.1. The reactions of (25) with n butylcopper/lithium
iodide/boron
trifluoride

R1

R2

Ph

Me

Ph

a

yield (%)a

PhCH2

y/a

ee(%) a

80

>99: 1

78

80

>99: 1

87

Me

Ph

85

>99:1

82

Me

Et

75

95 :5

30

of compound (26).

1.6.1. The Reaction of Lithiated Allylic Sulfoximines
with

Aldehydes

In 1991, Harmata49 reported that the lithiated iV-phenyl-S-allyl-Stolylsulfoximine

(14) underwent

1,2-addition reactions

with

aldehydes to give mainly ct-hydroxyalkyl allyl sulfoximines (28)
and a small amount of "/-hydroxyalkyl vinyl

sulfoximines (29)

Chapter

1

yg

(Scheme 1.22 and Table 1.2). However, the diastereoselectivities of
these reactions were not reported.

Scheme 1.22

O^^NPh
p-Tol

o
II
'Vp-Tol

(28)
1. n-BuLi

+

2. R C H O

OH

NPh
(14)

R'^ \ / % .

0

II T O 1
^VPNPh

(29)

Table 1.2.

The

reactions

of

lithiated (14) with aldehydes
aldehyde yield (%) (28) : (29)
PhCHO 79 5.3 : 1
r-BuCHO 63 100: 0

In 1993, Pyne reported50 that the lithiated allylic sulfoximine (23)
underwent a 1,2-addition reaction with benzaldehyde in THF to
give exclusively the a-hydroxyalkyl allyl sulfoximine (30). A
mixture of the a-hydroxyalkyl allyl sulfoximine (30) and the yhydroxyalkyl vinyl sulfoximine (31) was isolated when HMPA/THF
was employed as solvent (Scheme 1.23 and Table 1.3).
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THF
PhCHO
NSi'BuPh2
lithiated (23)

(30)

HMP/VTHF
•

(30)

\\-Ph
+
NSi'BuPh2

PhCHO
(31)

Table 1.3.

Reaction of lithiated
benzaldehyde

(23) with

d.r.

(product) yield (%)

solvent

THF
HMPA/THF

(30) 52

61 : 39

(30) 61
(31) 26

52 : 48
94 : 6

Pyne and Dong 1 0 have studied the reaction between lithiated allylic
sulfoximine (24) and two aldehydes. These reactions were highly
regioselective

and gave

only products arising from

attack of

lithiated (24) at the a-carbon atom. The reaction of lithiated (24)
with benzaldehyde gave four a-hydroxyalkyl
diastereoisomers
isobutyraldehyde

allyl

sulfoximines

(32). While the reaction of lithiated (24) with
afforded

three

of

the

four

possible

ct-

hydroxyalkyl allyl sulfoximines (33) by *H N M R analysis of the

Chapter 1
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crude reaction mixtures. In both cases the yields were found to be
good (>90%) (Scheme 1.24 and Table 1.4).

Scheme 1.24

lithiated (24)

RCHO

+

- 78 °C, THF
»

3 min.
(32) (R = Ph)
(33) (R = Me2CH)

Table 1.4. T h e

reaction

of

lithiated

(24)

with

aldehydes

(product) yield

d.r.

PhCHO

(32) 92%

56 : 17 : 16 : 11

(CH3)2CHCHO

(33) 90%

aldehyde

1.6.2.

39 : 39 : 22

The Reaction of Titanated Allylic Sulfoximines
with

Aldehydes

In 1994, Reggelin 52

described

some

highly

regioselective and

diastereoselective reactions of allylic sulfoximines with aldehydes,
via the transmetalation of lithiated allylic sulfoximines to titanated
allylic sulfoximines. The titanation of lithiated allyl sulfoximines
with

chlorotris(isopropoxy)titanium53'54

gave the corresponding

allyltitanium species. These organometallic reagents reacted with
aldehydes in a highly regio- and diastereoselective manner, at the

22
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y-position to form y-hydroxyalkyl vinyl sulfoximines, with high
diastereoisomeric excesses (d.e. > 96%) (Scheme 1.25 and Table 1.5).

Scheme 1.25
O

0

II

II

.S. *p-Tol
Nva/
(34b)

,S. Nval
p-Tol
(34a)
n-BuLi

n-BuLi

(35a)

Cm(0'Pr)3

CITi(0'Pr)3
O

II
.S. Nval
p-Tol
(36a) Ti(0'Pr)3
1.R 2 CHO
2. (NH4)2C03
3. Bu 4 NF <

1.R2CHO
2. (NH4)2C03
3. Bu4NF
OH

OSiMe3
Nva/ =

Chapter 1

23

Table 1.5.
sulfoximines

The synthesis of y-hydroxyalkyl
(37) and (38)

vinyl

R1

R2

(37a)

H

C6H5

66

>97

(37b)

CH 3

C6H5

82

>97

(37c)

H

CH3

51

>97

(37d)

CH 3

CH3

74

>96

(38a)

H

C6H5

75

>97

(38b)

CH 3

C6H5

50

>97

(38c)

H

CH 3

81

>97

(38d)

CH 3

CH 3

57

>97

compound

yield(%)

d.e.(%)

In 1995, Gais55 also reported that after deprotonation with «-BuLi
and

transmetalation

sulfoximines
corresponding

with

chlorotris(isopropoxy)titanium,

allyl

(£-39) and (Z-39) can be y-hydroxyalkylated to the
y-hydroxyalkyl

vinyl

sulfoximines

with

high

diastereomeric excesses (d.e. > 95%) and reasonable yields.
In the following year, Gais 56 reported the use of chlorotris(diethylamino)titanium,57 instead of chlorotris(isopropoxy)titanium,
as the titanation regent. The resulting allyltitanium species gave ochydroxyalkyl

allyl sulfoximines (41) with high diastereomeric

excesses (d.e. > 91%) (Scheme 1.26 and Table 1.5) and good yields.
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Scheme

1.26

Ph. II.NMe

S

1

(£-40)

(&39)

(E-41)

Ph. || . N M e

'Pr

'Pr
0

xx

II
S-«lPh

^t>^"

in.

Li
o
II

b,c

S -'H Ph

s

s

V
(Z-40) NMe

V
(Z-39) NMe

(Z-41)

a = n-BuLi / THF, b = CITKNEt^s / THF, c = R C H O

Table 1.6. T h e

synthesis of cx-hydroxyalkyl

allyl

sulfoximines (£-41) and (Z-41)

compound

R

a :y

yield(%)

d.e.(%)

(£-41)

'Pr

95 :5

76

>95

(E-41)

Ph

>98:2

70

>95

(Z-41)

»Pr

>98:2

73

>91

(Z-41)

Ph

>98:2

73

>94
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Both Reggelin58 and Gais56 reported that the sulfoximine groups on
the hydroxyalkyl sulfoximines can be removed either reductively
or by elimination,4'59 or be replaced by aryl and alkyl groups55'60"
62

to give mixtures of enantiomerically pure mono- or disubstituted

alcohols and sulfinamides with complete retention of configuration
at the sulfur atom. For example,58 the bicyclic sulfoximine (43) was
synthesized, as an epimeric mixture, from the allylic sulfoximine
(4 2 ) via

hydroxyalkylation

hydroxypropanal

(using

cyclization

Bu4NF.

with

O -protected

with

(R ) - 2 -

chlorotris(isopropoxy)titanium) and
Compound

then

(43) was methylated with

methyl triflate, yielding the corresponding S-amino-oxosulfonium
salt which was converted, without isolation, to the desulfurized
vinyl-substituted

2-oxa-bicyclooctane

(44) in 7 0 % yield by

treatment with D B U . The sulfinamide (45) was generated as a pure
diastereoisomer with complete retention of stereochemistry at the
sulfur atom (Scheme 1.27).
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Scheme
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1.27

Nval
1. hydroxyalkylation
a,b,c,d

P-TOI wyf
Nval

2. cyclization e
(42)
f,g,h

H

3 ^
HO*

I >

,R
p-Tor

H

N'
Me

(44)

(45)

.OTBS

TBSOx
a = n-BuLi, -78 °C, b = CITi(OiPr)3, 0 °C, c =
j~ C H O , d = sat. (NH 4 ) 2 C0 3
Me
e = Bu 4 NF
f = MeOTf, -20 °C, g = DBU, 0 °C, h = sat. NH 4 CI
OTBS
Hval =

Another example is the Ni-catalyzed substitution of the lithiated
vinylic sulfoximine (47),55 which was prepared by deprotonation of
the allyl sulfoximine (46) with MeLi. Treatment of (47) in diethyl
ether with PhLi in the presence of NiCl 2 (PPh 3 ) 2 (5 mol%) lead to the
isolation of the phenyl and C-silyl substituted, diastereoisomerically
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pure, homoallylic

alcohol

(48) and the sulfinamide (49) with

complete retention of configuration at sulfur55 (Scheme 1.28).

Scheme 1.28
OSiEt3

'Pr X

O
%\ .NMe
S
"^T'^Ph

OSiEt3

0

MeLi

Pr ^N^^V
Me

NMe

Ph

Li
(47)

/ l

PhLi, NiCI2(PPh3)2
2. H 3 O H

+

0,
|\ A N H M e
SA
• v.

'

Ph

(49)

1.6.3.

The
with

Harmata

Reaction of Lithiated Allylic Sulfoximines
Electron

Deficient

Alkenes

reported49 that the reaction of lithiated (14) with the

Michael acceptors, 2-cyclopentenone and 2-cyclohexenone, gave a
"complicated reaction mixture" in which the 1,4-oc adducts (50)
were slightly favoured over the 1,4-y adducts (51) (Scheme 1.29
and Table 1.7).
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Scheme

28

1.29
O

0

II

(CH2)n
1. n-BuLi

.S:

(14)

VcH,)n

O^T^NPh
p-Tol
(50) (51)

Table 1.7.
The reactions of lithiated (14)
with 2-cycloalkenones

2-cycloalkenone yield(%) (50) : (51)

n=l 81 1.4:1
n=2 81 1.5 : 1

In Pyne's report,50 the conjugate addition reactions of lithiated (
with cyclic and acyclic Michael acceptors gave mainly 1,4-y (52)
and 1,4-oc (53) adducts, respectively, in THF and 1,4-oc (53) and
l,4-y-(52) adducts, respectively, in HMPA/THF. However, in some
cases, a significant amount of the 1,2-oc adducts (54) were also
isolated in THF or in HMPA/THF (Scheme 1.30 and Table 1.8).

Scheme

1.30

T H F or
HMPA/THF

HO
R

[S]

or ^

lithiated (23)

R2
-

\

R2

(52)

(53)

[S]=

Table 1.8.
acceptors

Michael

—S'Ph
NSi'BuPh,

The reaction of lithiated (23) with Michael

acceptors

additive

2-cyclopentenone

HMPA

(yield(%),d.r.)

53 (49,56:25 : 11 : 8)

52 (65, 91 : 9)
53 (12, 65 : 20 : 9 : 6)
54 (15, 59 : 23 : 15 : 3)

2-cyclohexenone

2-cyclohexenone

products

52 (81, 97 : 3)
53 (14, 58 : 25 : 13 : 4)

2-cyclopentenone

HMPA

54 (48, 31 : 27 : 27 : 15)

53 (73, 79 : 21)
54 (18, 92 : 8)

chalcone

chalcone

(54)

HMPA

52 (53, 70 : 30)
53 (37, 64 : 36)
54 (7, 90 : 10)

Highly

diastereoselective

1,4-additions

of

lithiated

allylic

sulfoximines to Michael acceptors have been achieved. In 1994,
Pyne and D o n g reported63'64 their results of the conjugate addition
reactions of lithiated iV-j9-tosyl-S-phenyl-S-prop-2-enylsulfoximine
(24) with cyclic and acyclic Michael acceptors. In contrast to the
chemistry

reported

for

lithiated

iV-phenyl-S-allyl-iS'-(4-

methylphenyl)sulfoximine 49 and lithiated N-f-butyldiphenylsilyl-Sallyl-5-phenylsulfoximine,50 lithiated (24) gave exclusively 1,4-oc
adducts

(55) with

both

cyclic

and

acyclic

Michael

acceptors

(Scheme 1.31 and Table 1.9).

Scheme 1.31

o
II
s.
(24)

1. n-BuLi
2.
R
z

R

O^I^NTs
Ph
(55)
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Table 1.9.
Conjugate addition
(24) with Michael acceptors
entry

Michael acceptor
R1 : R 2

yield(%)
(product)

of

lithiated

d.r.

Ph

Ph

90, (55a)

93 :7

Me

Ph

45, (55b)

90 :10

Ph

Me

61, (55c)

94 :6

-(CH2)2-

87, (55d)

49 :33 :10:8

-(CH2)3-

92, (55e)

47 :25 : 14 : 14

32, (55f)

50 :50

CH3O

CH3

54, (55d)

51 :33 :9:7

Ph/HMPA 18, (55a)

86 : 14

(CH2)2-/HMPA
Ph

When

reaction

cyclic enones were treated with lithiated (24), the 1,4-oc

adducts

were

obtained

as a mixture

of the four

possible

diastereoisomers (Table 1.8, entries 4 and 5). Under the same
conditions, acyclic enones also gave the 1,4-oc adducts but these
were obtained as a mixture of only two diastereoisomers and in
certain cases, (Table 1.8, entries 1-3) these reactions were highly
diastereoselective. In the presence of H M P A a lower yield (54%) of
the

1,4-oc

adduct

(5 5 d )

was

obtained

with

modest

diastereoisomeric purity (51 : 33 : 9 : 7, Table 1.9, entry 7) and a
small amount (18%) of the 1,4-oc adduct (55a) was obtained in
lower diastereoisomeric purity (86 : 14) than in the absence of
HMPA

(compare entries 1 and 8, Table 1.8). It was apparent that

H M P A did not effect the regiochemical outcome of these reactions.
The

relative

(35*, 4/?*, SS*)

distereoisomeric

adduct

stereochemistry

of the major

(55d), from the reaction of (24) and 2-
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cyclopentanone, and the relative (3R*, AR*, 55*) stereochemistry of
the major

diastereomeric

adduct

( 5 5 a ) from the reaction of

lithiated (24) and benzylideneacetophenone were determined by a
single

crystal

X-ray

structural

analysis.

The

relative

stereochemistries of major adducts (55b) and (55c) were assumed
to be the same as that in (55a) on the basis of their similar *H

NMR

spectra.10
The sterochemical outcome of these reactions, with respect to the
stereogenic centre a to the sulfoximine group, was rationalised as
arising from attack on the carbanion whose structure is shown in
(56) (Only the monomeric species was considered).

N-Ts

(56)

The cc-substituent ( C H 2 = C H - ) of the sulfoximine was expected to be
anti to the bulky N-p-tosyl group. Electrophilic attack on (56) was
expected to occur anti to the 5-phenyl group and syn
The

overall

stereochemical

outcome

of

these

to lithium.

reactions

was

rationalised as arising from the chelated transition states (57) and
(58) in which the bulky groups of each reaction partner, the
sulfoximidoyl group and the j3-enone substituent, were
minimise steric interactions (Scheme 1.32 and 1.33).

anti to

33
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Scheme

1.32

-TS; 0

,,ui\Ph

^N-Ts

(55d)

(57)

Scheme

1.33

0 ph
v/
Ph'

1 ^ Ph

>C

.S^
"^N-Ts

\
(55a)

(58)

On

the other hand, the reactions of lithiated racemic allylic

sulfoximine (24) with mesityl oxide (59) and 3-phenyl-cyclohexen2-one (60) did not give 1,4-oc adducts under the same conditions as
described

above. T w o

1,2-oc diastereomeric adducts (61) were

obtained from the reaction of lithiated (24) with (59) and two 1,2-y
diastereomeric

adducts

(62) were obtained from the reaction of

lithiated (24) with (60) (Scheme 1.34 and Table 1.10).10
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Scheme

34

1.34

HO.
Me Me
(59)

Me

Me^^Me
(61)

lithiated (24)

u

6.
Ph

(60)

[S] =

Table 1.10.
The reactions
(24) with (59) and (60)

Michael

acceptor

yield(%) (product)

IS.
TsN Ph

of lithiated

d.r.

(59)

28, (61)

78 : 22

(60)

92, (62)

64 : 36

The poor yield in the reaction of lithiated (24) and (5 9) was
thought to be due to a competing proton transfer between lithiated
(24) and the acidic methyl groups on (59). 10
Thus,

lithiated

(2 4 )

has been

shown

to undergo

highly

diastereoselective reactions with acyclic enones and that the major
diastereomeric

adduct

has

the

(3R*, 4/?*, SS*)

relative

stereochemistry. In principle, lithiated enantiomerically

enriched

(24) could be employed for the asymmetric synthesis of acyclic
chiral natural products.

1.6.4. [2,3] Sigmatropic Rearrangements of Allylic
Sulfoximines

Mislow et al.,65'69 in the 1960's, disclosed that allylic sulfoxides
(6 3 )

undergo

thermal

racemization

through

a

reversible

rearrangement via formation of the corresponding allylic sulfinates
(64). The interconversion of (63) and (64) is assumed to occur by
way of a five-member ring transition state (Scheme
reaction

1.35). The

is concerted, reversible, and intramolecular, and is

characterised as a [2,3] sigmatropic rearrangement.70

Scheme 1.35
0--CH2
II
II
RS^ .CH
•#>kS

-y—
^ ^

R—S,

>CH
V
H2

H2
(63)

O—CH 2
= ^

RSt
CH
•• //
H2C
(64)

During his examination

of the possibility of [2,3] sigmatropic

rearrangements of allylic sulfoximines to their corresponding allylic
sulfinamides,

Harmata49

methylphenyl)sulfoximine

found that A^-phenyl-5-allyl-5-(4(14) was quite stable, surviving intact

after refluxing in toluene solution for 20 h. N o evidence was found
for the formation of the corresponding allylic sulfinamide (65), that
could be formed via a [2,3] sigmatropic rearrangement as shown in
Scheme 1.36.
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p-Tol

||

\/ ^

p-Tor

(14)

TJ"

(65)

Harmata reported49 that semi-empirical and ah initio calculations
on (66) and (67) indicated that (67) (heat of formation = 32 kcal /
mol) is considerably more stable than (66) (heat of formation = 118
kcal/mol), providing a considerable thermodynamic driving force
for the conversion of the sulfoximine to the sulfinamide. Harmata
concluded

that

a

surprisingly

large

kinetic

barrier

to the

sigmatropic rearrangement must exist.

0

H
o-VN'H
118 kcal/mol

II
/ s \ y"
.

(66)

32 kcal/mol

(67)

This result was confirmed by Harmata's further examination71
using ab initio calculations on (66) and (67). These calculations
suggested that allylic sulfoximines do not undergo [2,3] sigmatropic
rearrangements since this process is hindered by a high kinetic
barrier, although

the reaction

is predicted

to be

strongly

exothermic.
Pyne50

also found that 5-allyl-5-phenylsulfoximine

(22) is

extremely stable to thermolysis in refluxing toluene solution (110

OC) for 12 h. Under these conditions there was no evidence found
for C-S bond heterolysis or rearrangement to the isomeric allylic
sulfinamide (68) (Scheme 1.37). In agreement with the calculations
of Harmata, 49 ' 71 on (66) and (67), Pyne's M N D O

calculations

suggested that (68) ('gas phase' heat of formation 57 kcal / mol)
should be considerably more thermodynamically stable than (22)
('gas phase' heat of formation 145 kcal / mol). These calculations
suggested that either an extremely large energy barrier exists for
the conversion of (22) to (68) or that these 'gas phase1 calculations
cannot be extrapolated to the relative heats of formation of (22)
and (68) in solution.

Scheme 1.37

o
Ph

II

r> \ ^ N H

\/ „

°^S^

y

M

S.

=•*-

Ph^

V

N

X

y

(22)

(68)

In 1994, Gais et al.12 reported that the y-phenyl allylic sulfoximines
(69a,b) are capable of forming allylic sulfanamides (70 and 71) via
a thermal process but in low
(Scheme 1.38 and Table 1.11).

yield and

poor regioselectivity
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Scheme
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1.38

s /Ph

R

H'

Ph

4r**NMe
O

R

(69)

^Ph

Me

(72)

a;R = H
b; R = M e

Ph

0
c

V

Ph"
R

..urtV •

N ^ Ph +
I

N^ ^Ph

Me

Me

I

(70)

(71)
a;R = H
b; R = M e

Table 1.11.
Thermolysis
of
sulfoximines of (69a) and (69b)

(69)

a
a
a
a
b
b
b
b
b
a

solvent
neat
neat
CH2C12
toluene
toluene
1,2-C 6 H 4 C1 2
C1CH 2 CH 2 C1
C1CH 2 CH 2 C1
CH3CN

T(°C) t(h)

80
80
40

15
15
120

110
85
85
85
85
85

20
50
50
50
112
50

The amount of (71) was not determined.

the

allylic

(69)/(70)/(71)(%)
52/26/-a
44/56/-a
82/18/-a
26/74/-a
95/5/-a
84/5/11
74/15/11
62/11/10
90/10/-a
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Gais believed the formation of (70) and (71) from (69a,b) could be
explained by a dissociation-recombination mechanism involving the
resonance stabilized ion pair (72). 73

1.7. Aims of Project

As allylic sulfoximines can act as nucleophiles in a basic medium or
electrophiles in the presence of a Lewis acid, they are potentially
useful compounds in organic synthesis. The aim of this project was
to explore the potential of chiral allylic sulfoximines in asymmetric
synthesis. It was

planned

to examine

both

the

nucleophilic

reactions of lithiated allylic sulfoximines and their reactions in
which the sulfoximine group acts as a leaving group. Three projects
were identified as shown below.

(i) Synthesis of Lardolure

Lardolure, (liR,3i?,5tf ,7/^-1,3,5,7-tetramethyl-decyl formate (73),
was isolated by Y. Kuwahara et al.14 as the aggregation pheromone
of the acarid mite, Lardoglyphus

konoi, a primary pest for stored

products with high protein contents such as dried meat and fish
meal. Its

stereochemistry

and

structure

were

K u w a h a r a 7 4 and Mori. 75 ' 76

^^V^S^Y^Y^
(73)

determined

by

Chapter!
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One part of this project was to develop an asymmetric synthesis of
(73) based upon the strategy outlined in Scheme 1.39. In principle,
the carbon skeleton of (73) can be prepared from sequential a- and
y-attack of the deprotonated allylic sulfoximine (75) on 3-penten2-one. The resulting vinyl sulfoximine group in (74) should allow
addition of the final methyl group to give the complete carbon
skeleton of Lardolure (73) as shown in Scheme 1.39.

Scheme 1.39

PO

^^K^Y^Y^Y^

V^^<S^Y^V^°
(74)

(73)

(75)

Me
a-attack

<$>

Tf a t t a c k

o
= - s I.Ix P h
NR
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(ii) Palladium (0) Catalysed Reactions of Allylic
Sulfoximines

Chiral amines are important compounds in organic synthesis. They
have been employed as chiral bases, 77 nucleophiles, 78 auxiliaries,79
and ligands 80 for asymmetric synthesis. In particular, allylic amines
are

useful

compounds

for

organic

synthesis 81

and have

been

featured as the key structural components of peptide isosters.82
Based on the w o r k by Inomata and Lin et a/.,83'85 on the palladium
catalysed 1,3-allylic rearrangement of the secondary allylic sulfone
(76) to its isomeric primary allylic sulfone (77) (Scheme

1.40), it

seemed

feasible that the palladium(O) catalysed rearrangement of

allylic

sulfoximines

sulfinamides

(7 8 ) m a y give easy

access to the allylic

( 7 9 ) . These latter c o m p o u n d s

should readily afford

allylic amines (80) upon hydrolysis (Scheme 1.41).

Scheme 1.40

OH
cat Pd(PPh3)4),

S02Tol
(76)

Tol02S
(77)

Scheme

1.41

°

(80)

(79)

The second part of this project was to examine the palladium(O)
catalysed reactions of allylic sulfoximines, including optically active
allylic sulfoximines, as a method to prepare allylic amines.

(iii) Preparation of Cyclopropanes from Allylic
Sulfoximines

With the current interest in the asymmetric synthesis of
cyclopropanes86-91

we

became

interested in the method

of

Johnson, 1 4 w h o first described in 1973 the cyclopropanation of
chalcone using lithiated A^-tosyl-5-methyl-5-phenylsulfoximine (ee
84%)

(3), to form

optically

active (ee 4 9 % ) (IR, 2R)

phenylcyclopropyl) phenyl ketone (81) (Scheme 1.42).

(2-

Scheme

1.42
0

IU\CH2-Li+
Ph^ S <fc

chalcone

NTs

(3) (ee 84%)

n
H.
///

> 'Ph

PhCOr \/

^ H

rt. 12 h

(81) (ee 49%)

To further develop this method of cyclopropanation, w e planned to
examine the reaction of lithiated sulfoximines (82) with enones
under

similar

reaction

conditions. W e

anticipated

that

upon

warming a solution of the enolate adducts (83), the eiectrophilic
nature of the sulfoximine moiety could be realised and this group
could act as a leaving group with formation of vinyl cyclopropyl
ketones (84) as shown in Scheme 1.43.
The third part of this project was to examine
diastereoselectivity and

stereochemistry of such

reactions.

Scheme 1.43

3

"

"

Ph

3

R -cH-sr;™
NR
(82)

R'CO
(84)

the generality,
cyclopropanation
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Attempted

Synthesis of Lardolure
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2.1. Introduction: Synthetic Strategy for the Synthesis
of

Lardolure

Our proposed synthetic strategy for preparing the insect
pheromone Lardolure was outlined in Scheme 1.39 of Chapter 1. It
was proposed that the reaction of lithiated (24) with 3-penten-2one (85), under kinetically controlled conditions, would produce
diastereoselectively the y-sulfonimidoyl ketone (86) (Scheme 2.1).
The ketone (86) would

be

reduced

with

diisobutylaluminium

hydride (DIBAL-H) to give its corresponding alcohol (87) which
could be protected as its ferf-butyldimethylsilyl
Compound

ether

(88).

(88) could be lithiated with lithium diisopropylamide

(LDA) or n-butyllithium. Since the allylic carbanion moiety of
lithiated

(8 8 )

would

have

a

bulky

substituent

a

to the

sulfonimidoyl group, lithiated (88) might be expected to undergo yattack in its reaction with (85) to give the y-l,4-adduct (89). The
carbonyl group of (89) would be reduced to a methylene group and
then addition of M e 2 C u L i to the vinyl sulfoximine group of (90)
would give compound (91). The sulfonimidoyl group in (91) could
be reductively

removed

by

the use

of Raney

Ni

and

then

deprotection and finally formylation would give Lardolure (73)
(Scheme 2.1). The success of this synthetic strategy relied on a
number

of

diastereoselective

reactions, (namely

(85)-> ( 8 6 ) ,

(86)-»(87), (88)->(89) and (90)-»(91)) and obtaining the correct
relative and
chain.

absolute stereochemistry

in the Lardolure

carbon

Chapter 2
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2.1

u

- r ^ *

lithiated (24)

L

(87) R = H

(88) R = TBDMS

r

(89) X = O

[H]

"-•(90) X = CH 2

Me2CuLi
TBDMSO

Me

Me

Me
(91)

1 .Raney Ni
2. formylation

0HC0
1

^n^t^

10
11

(73)
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2.2. The Reaction of Lithiated Sulfoximine (24) with
3-Penten-2-one

(85)

Addition of n-butyllithium to a solution of racemic sulfoxim
in THF at -78 °C gave an immediate yellow-orange solution of
lithiated (24). After a period of 15 min, the solution was treated
with

3-penten-2-one

(85). After 3 min at -78 °C

the almost

colourless reaction mixture was quenched with acetic acid and then
with an aqueous solution of saturated ammonium chloride. The
reaction products were purified by column chromatography on
silica gel with ethyl acetate/hexanes as eluent to give the 1,4-oc
adduct (86) in 7 1 % yield as a mixture of diastereoisomers (Scheme
2.2). Recrystallisation of this mixture gave diastereomerically pure
(86). The diastereoselectivity of this reaction was determined to be
85 : 15 from integration of the signals for H6 (8 5.61 (major), ddd, J
= 17.2, 10.0, 6.8 Hz and 8 5.81 (minor), ddd, J = 17.2, 10.0, 6.8 Hz)
and the tosyl methyl singlet peaks (8 2.38 (major) and 8 2.39
(minor)) for the two diastereoisomers of (86) by *H N M R (400 MHz)
analysis of the crude reaction mixture.

Scheme 2.2

o

o..

II

II ^ 4 . >>
NTs

Q

2.
racemic (24)

§
Me^N
(85) Me

!
1

u

3
|5 6
Phl^S*
TsN# °
(86) 71% d.r. = 85 :15
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The relative stereochemistry of major adduct (86) was (3R*, 4Rk,
SS*) from single-crystal X-ray structural analysis as shown in
Figure 2.1. The stereochemical outcome was identical to that found
for the reaction of lithiated (24) with benzylideneacetophenone.10
The overall stereochemical outcome can be rationalised as arising
from the chelated transition state (A) in which the bulky group of
each reaction partner, the sulfoximidoyl group and the p-methyl
substituent of the enone, are anti to minimise steric interactions
(Scheme 2.3).

Figure 2.1. Single-crystal X-ray structure of (86)
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2.3
Me
Li.,'9-o
Ts-NPri

Ph.^S
TsN

H
(A)

2.3.

°

(86)

Reduction of the y-Keto

Allylic

Sulfoximine

(86)

and Related Compounds
2.3.1. Introduction
The diastereoselective reduction of P-keto sulfoxides to (3-hydroxy
sulfoxides92"96 is a method that has been extensively exploited in
the

asymmetric

synthesis

of

bioactive

natural

products. 9 7 I n

contrast, reduction of the related p-keto sulfoximines proceeds

with

only modest diastereoselection.98-99 Cinquini and co-workers first
reported 9 8 the reduction of optically active (5) p-keto

sulfoximines

with sodium borohydride in absolute ethanol at -78 °C. Their
results are summarised in S c h e m e 2.4 and Table 2.1.

Scheme

2.4
OH

II
1.LDA
Ph^S«*Me
i
II
NMe
2. RC0 2 Et
(+MSM5)

IIS

II

Ph^S
•S-^-"^R
II

NMe
(+)-(S)-(92),
(+)-(S)-(93),
(+)-(S)-(94),
(+)-(S)-(95),
(+)-(S)-(96),

R = Me
R = Et
R = 'Pr
R = fBu
R = Ph

NaBH 4

"S
• Ph^S-^^c "R
II
°
EtOH, -78 °C
NMe
(97), R = M e
(98), R = Et
(99), R = 'Pr
(100), R = f B u
(101), R = Ph
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Table 2.1. Reduction
of
the
sulfoximines (92)-(96) with N a B H 4
sulfoximine

p-keto

[OC}D25

product

d.r.

(97)

+ 103.9

50 :
; 50

(98)

+ 144.5

:44
56 :

(99)

+91.8

60 :40

(100)

+81.3

75 : 25

(101)

+32.5

70 : 30

The (S, S) stereochemistry was tentatively assigned to the major
diastereoisomeric

p-hydroxyl

sulfoximine

products.

The

diastereoselectivity of these reactions increased with increasing
bulkiness of the substituent R of the carbonyl group, following the
series M e < Et < 'Pr < Ph < *Bu. The conversions of p-keto
sulfoximines into the corresponding hydroxy derivatives could also
be achieved with sodium borohydride absorbed on alumina. These
reactions were faster than those of sodium borohydride/methanol,
but the diastereoisomeric ratios of the products did not change to
any appreciable extent with respect to those observed under
homogeneous conditions. Unfortunately, the yields of the reductions
were not reported.
In the

following

year, Johnson

and

Stark

reported99 the

diastereoselective reductions of p-keto sulfoximines with a variety
of reducing reagents as shown in Scheme 2.5 and Tables 2.2 and
2.3.
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2.5

o

OH

o

II
1.n-Bul_i
^
P h ^ SII ^ M e
NMe
2.RCN
(+)-(S)-(5) 3. H 3 0 +
W

fie
II
Ph^S^-^R

[H]
•

NMe

,
(+)-(S)-(95), R =
feu
(+)-(S)-(96), R = Ph
(+)-(S)-(102), R = (CH^gCHg
(+)-(S)-(103), R = 'Bu

°
S
P h ^Sll
NMe
,
(100), R =fBu
(101), R = Ph
(104), R = (CH2)5CH3
(105), R = 'Bu

Table 2.2. Reduction of (95) and (96) with reducing
agents

p-keto
sulfoximine

a

reagent

temp. yield

(°C)

d.r.

(%)

(96)

LiAIH(0-f-Bu)3

a

b

(96)

NaBH(0-/-Pr)3

a

b

(96)

K-selectride

a

b

(95)

UAIH4/THF

reflux

11

67 : 33

(95)

LiAlH4/Et20

-23

27

70 : 30

(96)

NaBH4/AlCl3

a

71

55 :45

(96)

BH4-N(Et)3/BF3-Et20

a

100

50 : 50

(96)

NaBH 3 CN

a

100

52 :48

(96)

(Sia)2BH

a

b

(95)

BH3THF

-78

82

80 :20

(96)

BH3THF

-78

85

65 :35

not mentioned
b total recovery of starting material (96)

Chapter 2

.

52

Table 2.3. P-Hydroxy
sulfoximines
the reaction of P-keto sulfoximines
diborane ( B H 3 E t 2 0 )
sulfoximine

temp.(°C)

yield
b

(96)

-23
-78

(102)

-23

90
67

(102)

-78

75

(103)

-23

b

(103)

-78

83

(95)

-23

78

(95)

-78

91

(96)

from
with

a

approximate ratio from ^H N M R analysis
b not determined

Attempted reductions of (96) with LiAlH(0-f-Bu)3,NaBH(0-z-Pr)
K-Selectride, or (Sia)2BH resulted in essentially total recovery of
starting material. Addition of (95) to a solution of 3 equiv. of
LiAlH 4 in THF or in diethyl ether resulted in poor conversion to the
desired reduction products, although the diastereoisomeric ratios
were better than the more efficient reductions of (96) with
NaBH4/AlCl3orBH4N(Et)3/BF3-Et20, or NaBH 3 CN. When (95) was
treated with diborane ( B H 3 T H F ) at -78 <>C, an 8 2 % yield of the
reduction product (100) was achieved. The diastereoselectivity was
80 : 20. Diborane was also found to be the best reducing reagent for
the diastereoselective reduction of (96) (Table 2.2).
From the Table 2.3, it is apparent that lowering the reaction
temperature for the reduction of (95), (96), (102) and (103) with
diborane increases both the yields of the desired p-hydroxy
sulfoximines and the diastereoselectivities.
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2.3.2. Reductions of y-Keto Allylic Sulfoximines

The p-substituted y-keto allylic sulfoximines were prepared from
the diastereoselective 1,4-conjugate addition of racemic lithiated
allylic sulfoximine (24) to acyclic enones as described previously10
and in part 2.2 of this Chapter. Diastereomerically pure y-keto
sulfoximines

(86), (55a), (5 5 b ) , and (55c) were reduced by

treatment with diisobutylaluminium hydride (DIBAL-H) in a mixed
solvent system of T H F - C H 2 C 1 2 at -78 °C for 2 h. The C H 2 C 1 2 was
found necessary to make the reactions homogeneous as the y-keto
sulfoximines had poor solubilities in T H F at low temperature. The
reactions were monitored by T L C and were quenched at -78 °C
upon

complete

consumption

of

the

starting

ketones.

The

diastereoselectivities of the reactions were determined on the crude
reaction mixtures by lK N M R

analysis. The diastereoisomeric ratio

of (87a) and (87'a) was determined from integration of the signals
for H 5 (8 3.62 (major), dd, J = 10.4, 3.2 H z and 8 3.56 (minor), dd, J =
10.4, 2.4 Hz) and the tosyl methyl singlet peaks (8 2.38 (major) and
8 2.36 (minor)) for both diastereoisomeric compounds. The ratio of
diastereoisomers

of

(87b) and (87'b) was

estimated

from

integration of the signals for H6a (8 5.32 (major), dd, J = 10.4, 0.8 Hz
and 8 5.39 (minor), d, J = 10.0 Hz), H6b (8 4.75 (major), d, J = 16.8 Hz
and 8 4.81 (minor), d, J = 16.8) and the tosyl methyl singlet peaks (8
2.40 (major) and 8 2.38 (minor)). The integration of the signals at 8
3.82 (dd, J = 10.4, 3.2 Hz, major) and 8 3.70 (dd, J = 10.8, 2.8 Hz,
minor) for H 5 and the tosyl methyl singlet peaks (8 2.40 (major)
and

8 2.36

(minor)) were

used

to

estimate

the

ratio

the

diastereomeric alcohols (87c) and (87'c). While the diastereomeric
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ratio of (87d) and (87'd) was determined from integration of the
signals for H6b (8 4.90 (major), d, J = 16.8 H z and 8 4.93 (minor), d, J
= 16.4 Hz) and C3-CH3 peaks (8 1.01 (major) d, J = 6.8 H z and 8 1.07
(minor), d, J = 6.8 Hz). In all cases, except for compound (55b), the
reduction reactions proceeded with high diastereoselectivity (>93 :
<7, Table 2.4). Diastereomerically pure carbinol products (87a),
(87b), (87c) and (87d) could be obtained by purification of the
crude

reaction

mixtures

by

column

chromatography

or

recrystallization (Scheme 2.6 and Table 2.4).
The relative stereochemistries of major adducts (87a), (87b) and
(87c) were (25*,4R*, 5/?*, S5*) from single-crystal X-ray structural
analyses as shown in Figures 2.2, 2.3 and 2.4, respectively.

Scheme 2.6
H
HGU

DIABL-H, -78 °C

•R ^ H

Hb
6(7)*
S
5(6)* Ha
TsNUjS^
Ph
O

+
'Ph

/* numbering when \
^ R1 = Me
'

THF-CH2CI2, 2 h

y-keto sulfoximine
(86) R1 = Me, R 2 = M e
(55a) R 1 = Ph, R 2 = Ph
(55b) R1 = Me, R 2 = Ph
(55c) R1 = Ph, R 2 = Me

TsNU'-S^

£
O

(87a) R1 = Me, R 2 = Me
(87b) R1 = Ph, R 2 = Ph
(87c) R1 = Me, R 2 = Ph
(87d) R1 = Ph, R 2 = Me

Ph

(87'a) R1 = Me, R2 = Me
(87'b) R1 = Ph, R 2 = Ph
(87'c) R1 = Me, R 2 = Ph
(87'd) R1 = Ph, R 2 = Me
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Table 2.4. Reduction of y-keto sulfoximines with
DIBAL-H
Y-keto
sulfoximine

d.r.b

yield(%)a

(86)

87

93:7 (87a) : (87'a)

(55a)

79

93: 7 (87b) : (87'b)

(55b)

79c

70:30(87c) : (87'c)

(55c)

49 d

95:5(87d) : (87'd)

a

Yield of diastereomerically pure product after column
chromatography. b From analysis of the crude reaction product
by X H N M R . c Yield of mixture of (87c) and (87'c). d
Recrystallized yield of diastereomerically pure product.

HO/,,
1 Me' 2
6

cf

Ha

Ph

(87a)

Figure 2.2. Single-crystal X-ray structure of (87a)

Figure 2.3. Single-crystal X-ray structure of (87b)

Figure 2.4. Single-crystal X-ray structure of (87c)
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Figure 2.5. Single-crystal X-ray structure of (55a)

From single-crystal X-ray analysis it is evident that both (55a)10
(Fig. 2.5) and (86) (Fig. 2.1) have a similar hairpin structure and
that the N-tosyl of the sulfoximine group lies under one face of the
y-keto group as shown in Scheme 2.7. lH

NMR

studies indicated

that in solution, (86) adopts a similar hairpin conformation, on a
weighted time average, to that found in the solid state. N O E S Y
experiments on (86) showed N O E cross peaks that indicated the Ntosyl group was close in space to the protons a to the keto group,
for example, there were N O E

cross peaks between H 3 b (8 2.95

ppm) and the ortho proton Uo (8 7.81 p p m ) on the N-tosyl group
and H 4 (8 3.27 p p m ) and the ortho proton Uo

(8 7.81 ppm) on the

N-tosyl group. A N O E cross peak was also observed between the
three H I protons (8 1.97 p p m ) and the meta proton H m (8 7.22

ppm) on the N-tosyl group (Scheme 2.7 and Fig. 2.6). X-ray analysis
of (86) indicated that the distance between H 3 b and Ho and HI
and H m

was 3.200 A, and 3.388 A, respectively, within the range

of internuclear distance that an N O E would be expected to be
observed.
Scheme

2.7
n

N0E

*» 6
NOE

S02N*V^Ph
(86)

Me
- H20
Ts-Me

X

A
H5 H4 H3b

J_AJ1_

/

/

H3a

Ik.

jLjUL-iLi

Ts- H m 7.22
Ts- H o 7.81

FI

Ipp.l

Figure 2.6. The *H N M R (upper spectrum) and N O E S Y
(lower spectrum) of (86) in CDCI3 solution.

spectra

From the X-ray structure of (86) an estimate of several dihedral
angles between hydrogen atoms on vicinal carbon atoms could be
obtained.

These

values

were

substituted

into

the

Karplus

equation 100 to give an estimate of their respective vicinal coupling
constants. These calculated vicinal coupling constants were in close
agreement with those obtained from the

!

H NMR

spectrum of (86)

in CDCI3 solution. For example, J4,5 = 2.8 H z from the 2 H

NMR

spectrum of (86) was close to that predicted (1.0-2.5 Hz) from the
Karplus equation using the dihedral angle between H 4 and H 5 of
6 8 . 3 ° , as was

found

in the

solid-state structure of ( 8 6 ) .

Furthermore, good agreement was observed between the predicted
lvalues f° r the vicinal proton pairs, H3b and H 4 , H 5 and H 6 , and
H3b and H 4 as shown in Table 2.5. The Karplus equation, however,
is not accurate in predicting the actual magnitudes of dihedral
angles as the values of J° and J 180 vary from system to system,101"
105

but the relative dependence of coupling constants on dihedral

angle in any situation appears to follow a similar mathematical
curve. 106 In the case of (86) however, there seems to be overall
agreement between the magnitudes of the observed and expected
J values for the solution and solid-state structures of (86). The
preference

for

a

hairpin

conformation

consequence of the preferred anti
demanding

of

(8 6 ) m a y

be a

orientation of the sterically

5-phenyl group and the p-substituted keto alkyl side

chain. From the X-ray study, the C(4)-C(5)-S(5)-C(51) torsion angle
in (86) was found to be 162.7<> (Fig. 2.1).
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Table 2.5. O b s e r v e d dihedral angles a n d observed
and predicted Jvalues from Karplus equation for (86)
dihedral angle from
X-ray structure

Jvalues
observed

-173.9° (H3a and H 4 )

10.8 Hz

7.5-13.5

-178.8° (H5 and H 6 )

10.0 Hz

7.5-13.5

68.3° (H4 and H 5 )

2.8 Hz

1.0-2.5

70.7° (H3b and H4)

2.4 Hz

1.0-2.5

Jvalues predicated from
Karplus equation3

a

J = J°COS2<I>+0.3 (0°<4><90°); J = J180COS24>+0.3 (90°<<l><180°); (J°= 8.5 Hz,
J180 = 9.5 Hz)
Thus the high diastereoselectivity and the stereochemical outcome
of these reduction reactions can be attributed to the Af-tosyl group
on the sulfoximine moiety which effectively hinders the lower face
of the y-keto group to hydride addition (Scheme 2.8). While the £substituent in these y-keto sulfoximines m a y also influence the
degree of diastereoselection in these reductions it would

seem

unlikely since the reduction of chiral p-non-chelating-substituted
ketones proceeds with

only

modest

diastereoselection.107 T h e

reasons for the poor diastereoselection in the case of sulfoximine
(55b) are not clear, especially when

!

H N M R studies suggested that

(55b) has a similar conformation to that of (86), (55a), and (55c).
Scheme

H"

2.8

alcohol

y-keto sulfoximine
H
M e

—/

H
\

S 0 2 N ^ \C" Ph

(87a)
(87b)
(87c)
(87d)
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Attempted reduction reactions of the y-keto sulfoximines (55a) and
(55b) with L-Selectride, to their corresponding

alcohols, were

unsuccessful and resulted in mainly or essentially total recovery of
starting material. For example, addition of L-Selectride to a T H F
solution of (55a) for 1 h at -78 ° C resulted in a vigorous evolution
of gas and eventual recovery of greater than 9 0 % of starting
material. W h e n

(55b) was treated

solution for 4 h at -78 ° C

with L-Selectride in C H 2 C I 2

only unreacted

starting material was

recovered.
Attempted reduction reactions of the y-keto sulfoximines (55a) and
(55b), with K-Selectride in T H F

and C H 2 C 1 2 at -78 °C, to their

corresponding alcohols, were unsuccessful. These reactions resulted
in a vigorous evolution of gas and gave a complex mixture of
products and less than 5 % of starting material remained from

l

H

N M R analysis of the crude reactions mixtures.
Attempted reduction of the sulfoximine (55a) with N a B I ^ in M e O H
for 1 h at 0 ° C gave a similar result, however no starting material
remained from *H N M R analysis of the crude reactions mixtures.
When

one compares the relative stereochemistry of (87a) with

that at C 2

and

C3

of Lordlier it is clear that the relative

configuration at C 2 and C 4 in (87a) is correct. The

absolute

stereochemistry of (87a) would be the same as at C 2 and C 4 if the
sulfoximine group had the (R) configuration.
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2.4. Michael

Reaction

of Allylic Sulfoximine (87a)

Compound (87a) was treated with ferf-butyldimethylchlorosilane
and imidazole in D M F at 60-65 ° C for 18 h. The crude product was
purified by column chromatography on silica gel to give the silyl
ether (88) in 9 3 % yield (Scheme 2.9).

Scheme 2.9

TBDMSCI/imidazole TBDMSO^

HO/,

*"
DMF, 60-65 °C, 18 h
TSNIM-S^

Me'
TsNlf-S.

o*

Ph

(88) 93%

(87a)

The allylic sulfoximine (88) was first treated with n-BuLi in T H F at
-78 ° C for 30 min. The solution was warmed up 0 °C and then
treated with 3-penten-2-one
cooled to -78 ° C

(85) for 30 min. The reaction was

and then quenched with acetic acid and an

aqueous solution of saturated NHUC1. The crude reaction products
were purified by column chromatography on silica gel with ethyl
acetate/hexane as eluent to give to vinyl sulfoximine (106) in 5 6 %
yield, and
sulfoximines

a trace

amount

of the diastereoisomeric

allylic

(88) and (88'). N o Michael adduct (89) could be

isolated. N O E S Y

experiments on (106) showed N O E cross peaks

between the C 4 - C H 3 (8 1.02, d, J = 6.9 Hz) and the C6-CH3 (8 2.06, d,
J = 7.5 H z ) and this indicated that the vinyl sulfoximine (106) had
the (£)-geometry (Scheme 2.10).
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2.10

TBDMSO,,,
Me
TsNU'-S.
/*

Pn

(88) °
1.BuLi/THF, -78 °C 2. (85), 0 °C

H

H
M

TBDMSO/^

6

TBDMSO,, / \ * % H

Me 2 " ^ 4^K ^ H +
TsNH-S.

O'#^Ph
(106) 56%

Me

TBDMSO,, f \ > M ® ^ H
+

TsNln-S.

Me
TsNin-S.

J* Ph

>

Ph

(88')

(88)
trace

W h e n this reaction was repeated at -78 °C, instead of 0 °C, the two
diastereoisomers of the starting material (88) and (88') and vinyl
sulfoximine

(106) were formed in a ratio of 38 : 31 : 31,

respectively. W h e n the above reaction was repeated, but without
the addition of (85), then the same ratio of products resulted. The
addition of H M P A to the reaction mixture, prior to the addition of
(85), again resulted in the products of (88), (88') and (106) in a
similar ratio to that found in the absence of this additive (Scheme
2.11).

Scheme

2.11

TBDMSO/,,
Me

(88)
TsNH'-S^

>

Ph

1. BuLi/THF, -78 °C 2. (85), -78 °C

TBDMSO/,A

*

"

H
TBDMSO,,,/ V *

H

TBDMSO,,.

Me'

Me
TsNH';Sv
/# Ph
O
(88') 31%

TsNH';S v

o#

Ph

(88) 3 8 %

TsNU'-S^
/* Ph
O
(106)31%

It was evident that the desired Michael addition reaction did not
occur under the conditions described above. It is proposed that the
carbanion (107) was formed by treatment of (88) with w-BuLi at
-78 °C. Proton transfer from the enone (85) to anion (107) was
occurring, rather than a Michael reaction, because of the acidic
nature of the protons of the methyl ketone group in (85) and the
hindered nature of the anion (107) (Scheme 2.12).

Scheme 2.12

(88)

(85)

base

09

^ (88) + (88") + (106) +

Me

(107)
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This particular project was not pursued any further since more
highly successful results were

achieved

in the other

on-going

projects which are reported in Chapters 3, 4 and 5 of this thesis.

2.5. Conclusion

The p-substituted y-keto N-tosyl sulfoximines have been shown to
undergo highly diastereoselective reductions to their corresponding
carbinol sulfoximines with D I B A L - H . The stereochemical outcome of
these reactions has been determined and can be rationalized in
terms of the unique solid- and solution-state structures of the yketo sulfoximines.
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Palladium(O)

CHAPTER

3

Catalysed

Rearrangements

of Allylic Sulfoximines
to Allylic Sulfinimides

Chapter 3

3.1.

6_7_

Introduction:

Palladium(O)

Rearrangements

Catalysed

of Allylic

Sulfoximines

This Chapter reports on our studies of the palladium(O) catalyzed
rearrangements of allylic sulfoximines to allylic sulfinimides. A n
on-line search of the literature revealed that there were no reports
on this subject. A s was mentioned in Chapter 1, a related palladium
catalyzed

rearrangement

of secondary

allylic

sulfones

to their

isomeric primary allylic sulfones has been reported by Inomata and
Lin et a/.83"85

3.2. Synthesis of Allylic Sulfoximines

3.2.1. Racemic and Optically Active iV-Substituted-SM e t h y 1-5 -Phenyl sulfoximines

(a) Racemic iV,S-Dimethyl-S-Phenylsulfoximine (5)

Treatment of racemic S-methyl-S-phenyl-sulfoximine (1) with
formaldehyde in the presence of formic acid following the ClarkeEschweiler

procedure 108 " 110 gave the known 7V,5-dimethyl-S-

phenylsulfoximine (5) in 8 9 % yield (Scheme 3.1).

Scheme 3.1

o °
II
M e-<§-Ph
NH
racemic (1)

HCHO, HCOOH
^ ^

II
- Me-S-Ph
NMe
89% racemic (5)
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Racemic or Optically Active (S)-A^-MethoxyCarbonyl-S-Methyl-S-Phenylsulfoximine

(108)

Racemic or optically active (5)-A^-methoxycarbonyl-5-methyl-5'phenylsulfoximine

(108) was obtained by treatment of racemic or

optically active (5,)-5-methyl-5-phenylsulfoximine

(1) (96% ee)

with methyl chloroformate in the presence of sodium hydride at rt.
Purification by column chromatography on silica gel gave the
racemic A^-methoxycarbonyl-5-methyl-iS-phenylsulfoximine (108)
in 9 5 % of yield and optically active (+)-(S)-(108) in 96% yield
(Scheme 3.2).

Scheme

3.2

0
II

0
NaH, CICO2CH3

Me—S—Ph
II
N
H (1)
racemic

0

II
Ph^S-^Me
II
NH

(+HSHU

II
II
Me—S-Ph
NC02CH3
95% racemic (108)

0

NaH, CIC0 2 CH 3
*~

II
Ph^S^Me
II
NC02CH3
9 6 % (+)-(S)-(108)
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S-Allyl-S-Phenylsulfoximines

(a) Racemic iV-Tosyl-S-Allyl-S-PhenylsuIfoximine
(24)

Racemic S-allyl-S-phenylsulfoximine (22) was prepared by
amination

of

S-allyl-S-phenyl-sulfoxide

mesitylenesulfonylamine

(MSH)

using

a

(109) with O-

modification

of

the

procedure described by Johnson20'50 in good yield (69%) (Scheme
3.3). Treatment

of S-allyl-S-phenylsulfoximine

(22) with p-

toluenesulfonyl chloride and pyridine in D C M at rt for 1 h followed
by recrystallisation from ethyl acetate/hexane gave the racemic iVtosyl-S-allyl-S-phenylsulfoximine (24) in 8 1 % yield (Scheme 3.3).

Scheme 3.3
u
l1
^ ^ ^
(109)

MSH
Ph

-.

s-ou
NH

6go/o

(22)
1. DCM, pyridine, 1h
2. p-toluenesulfonyl 8 1 %
chloride
,,
O
II
NTs
(24)

(b) iV-Tosyl-S-Phenyl-S-(y-Substituted)-AIlylic
Sulfoximines

Treatment of lithiated racemic N-tosyl-S-methyl-S-phenyl
sulfoximine

(3 )

with

butanal

or

freshly

prepared

phenylacetaldehyde and then treatment of the resulting {3-hydroxy
sulfoximines with methanesulfonyl chloride/triethylamine and then
D B U as described previously gave a mixture of (£")- and (Z)-iV-tosyl5-(2-pentenyl)-5-phenylsulfoximine

(110) (E : Z = 58 : 42) and (£)-

N-tosyl-S-(3-phenyl-2-propenyl)-S-phenylsulfoximine

(111),

respectively, in overall yields of 4 9 % and 2 9 % , respectively (Scheme
3.4). The structures and alkene geometry of these compounds were
determined by *H N M R analysis. The signals for the protons
and

H2trans

WStrans of (£)-(110) were present at 8 5.51 and 8 5.32,

respectively and the coupling constant between these two protons
was 15.6 Hz, a value within the range (12-18 Hz) expected for an
(£')-alkene.111 While the signals for protons H2c,-5 and H3 C ; 5 of (Z)(110) were present at 5 5.73 and 8 5.33 and the coupling constant
between these two protons was 10.5 H z , a value within the range
(6-12 Hz) expected for an (Z)-alkene. 111 . Compound
exclusively the (£")-geometric isomer. *H N M R
K2trans

(111) was

signals for protons

and H3trans of (111) were present at 8 6.31 and 8 6.01,

respectively and the coupling constant between these two protons
was 15.9 Hz.

Scheme

3.4

o

O
II
H3c—S—Ph
II
NTs
racemic (3)

1.n-BuLi,THF, -78 °C

2

\\

*~ R \ ^ \ ^ S x r P h
3
1 NTs

2. RCH2CHO
3. MsCI/Et3N, DBU

(110)49%R=B
(111)29%R=Ph

(c) Racemic and Optically Active Cyclic Allylic
Sulfoximines

Lithiated racemic or optically active (ee = 96%) (5)-sulfoximines (3),
(5) or (108) were treated with cycloalkanones at -78 ° C for 1 h. In
some

cases

the

crude

products

were

purified

by

column

chromatography on silica gel to give the corresponding (3-hydroxy
sulfoximines
alcohol

(112)-(114) (Scheme

products

converted

to

a

mixture

allylic and vinyl sulfoximines using

corresponding
described

were

3.5). The purified or crude

above. These

mixtures

were

treated

of

their

the methods

with

potassium

methoxide in dry T H F for 72 h according to the method of Gias. 48
The

crude

reaction

chromatography
allylic

mixtures

were

then

purified

by

column

on silica gel to give racemic or optically active

sulfoximines

( 1 1 8 ) , ( 1 1 9 a ) , ( 1 1 9 b ) , (119c), and ( 1 2 0 ) ,

respectively. T h e reaction of sulfoximine (108) with cyclohexanone
resulted in lower yields because of the poor solubility of (108) in
T H F at -78 ° C (Scheme 3.5 and Table 3.1).
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3.5

1. n-BuLi or LDA

HO

H 3 C — S-Ph
(CH2)n
II
2.
NR
(3);R = Ts
(CH2),
(108); R = C 0 2 M e
(5); R = M e
(n = 1,2,3)

o

II
S—Ph
II
N
(112);n = R1
(113); n = 2
(114); n = 3

£J

I.MsCI/Et3N
2. DBU

(CH 2 ) n

(115); n = 1
(116); n = 2
(117); n = 3

Table 3.1.
sulfoximines

(118); n = 1
(119); n = 2
(120); n = 3

Synthesis

alcohol
(%)

sulfoximine

a
b

of

a. R=Ts
b. R = C02CH3
c. R = CH3

cyclic

allylic

allylic sulfoximine
yield (%)

(3)

Ts

1

95

(118)(97)

(3)

Ts

2

81

(119a)(82)

(108) C02Me

2

a

(119b)(68)b

(5)

Me

2

a

(119c)(81)b

(3)

Ts

3

85

(120)(96)

not determined
overall yield
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Chiral oc-Substituted

(d)

Methylation of the (S)-allylic

Allylic

Sulfoximines

sulfoximines

(118), (119a) and

(119b) (ee = 96%) by first deprotonation with L D A at -78 °C and
then methylation
allylic

Mel

with

sulfoximines

gave

the corresponding

(121), (122a) and (122b),

methylated
respectively

(Scheme 3.6). The diastereoselectivities of these reactions were >98
: 2 as determined by
These

!

H NMR

a-methylated

attempted
complex

analysis of crude reaction mixtures.

sulfoximines

purification
mixtures. The

by

were

chromatography

unstable
on

and

silica gel

unpurified products, however

their
gave

could

be

stored in a refrigerator at 0 °C for several weeks without significant
decomposition.

Scheme 3.6
O

»s

,sxfPh

£>

(CH

NR

1. LDA, THF, -78 °C Me.
2. Mel

(118) n = 1,R = Ts
(119a) n = 2, R = Ts
(119b) n = 2, R = C 0 2 C H 3

0
lis
,S — P h
NR

(CH 2 ) n

(121) n=1,R = Ts
(122a) n = 2, R = T s
(122b) n = 2, R = C0 2 CH 3
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Palladium(O) Catalyzed
Allylic

3.3.1.

Sulfoximines

Rearrangements
Sulfoximines
with

Rearrangements

to

Allylic

of Secondary

to Primary

of

Sulfinimides

Allylic

Allylic

Sulfinimides

1,3-Allylic Shift of the Double

Bond

In 1995 we found that treatment of the racemic and
diastereomerically
freshly

pure y-hydroxy

prepared

allylic sulfoximine (87a) with

tetrakis(tripnenylphosphine)palladium(0)

(Pd(PPh 3 ) 4 ) 112 (5 mol%) in dry T H F solution at rt gave a bright red
coloured solution. T L C analysis of the reaction mixture after 10 min
indicated complete consumption of the starting allylic sulfoximine.
Evaporation of the T H F in vacuo and ! H N M R analysis of the crude
reaction mixture showed a mixture of the allylic sulfinamide (123)
and the corresponding allylic sulfonamide (129) with the ratio of
76 : 24. The crude reaction mixture was treated with 1 0 % aqueous
solution of sodium hydroxide and M e O H (1 : 10) at rt for 2 h. The
reaction crude mixture was purified by column chromatography on
silica gel to give the pure allylic sulfonamide (129) in an overall
yield of 84%. The
that (129)

was

furthermore

this

L

H NMR
a

spectrum of sulfonamide (129) showed

single

compound

rearrangement (Scheme 3.7).

regiowas

and

geometric-isomer

formed

via

a

and

1,3-allylic
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3.7
OH

Ph
SOPh
Pd(PPh3)4 5 mol%

i

NTs

^.

THF, RT, 10 min
(87b)

NaOH/ H 2 0
MeOH, RT

OH

Ph

(129), 84%

Treatment of racemic allylic sulfoximine (24) with freshly prepared
P d ( P P h 3 ) 4 (5 m o l % ) in dry T H F

as described above gave, after

evaporation of the T H F in vacuo, a mixture of the allylic sulfinamide
(128) and the corresponding allylic sulfonamide (134) in a ratio of
79 : 21 from l¥L N M R

analysis (Scheme 3.8). Interestingly, w e found

that some of the sulfinamide (128) had hydrolysed on silica gel to
yield

the

changed

sulfonamide

to 53

: 47

(13 4). The ratio of ( 1 2 8 ) : ( 1 3 4 ) had

after the crude reaction mixture had

been

purified by column chromatography on silica gel with 1 0 % of ethyl
acetate/hexane as eluent (Fig 3.1). The pure sulfinamide

(128)

could be isolated by using preparative H P L C . Elution with 1 % of
ethyl

acetate/hexane

(128). The i H N M R
resonances

and

diastereotopic,

gave

a

small

amount

of the

sulfinamide

spectrum of (128) showed 9 aromatic proton

that

the

consistent

methylene
with

their

protons
close

stereogenic sulfur group in sulfinamide (128).

at

C2

proximity

were
to

the
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When the crude reaction mixture from the reaction of (24) and
Pd(PPh3)4 was directly treated with a 1 0 % aqueous solution of
sodium hydroxide and
sulfonamide

MeOH

(1 : 10), then the pure allylic

(134) was isolated in an overall yield of 9 0 % after

purification by column chromatography (Fig. 3.2).
Thus the first facile and highly regioselective allylic sulfoximine to
allylic sulfinamide rearrangement had been realized. T o further
study this interesting and potentially useful rearrangement, the
palladium(O) catalysed

rearrangement reactions

of the racemic

secondary allylic sulfoximines (32), (55a), (55d) and (55e) were
investigated.113'114

The

results

of

summarised in Scheme 3.8 and Table 3.2.

these

investigated

are
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SOPh

H
i
3^s^NTs

%^YY^Ts
(128) =#

#
/

(134)= *

#

-r

I

*

jtJLJL

JLJJL—X

r

r
r
>

J

u

f\J

#_JllLJL

JU
0

Figure. 3.1. *H N M R spectrum of the reaction crude mixture
(upper) and purified mixture (lower) of sulfinamide (128) and
sulfonamide (134) in CDC13.

ppm
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S'OPh

I
1 ..NTs
3^>C

r

Ha 7 Hb
(128)
acetone

r

H3

J J
Hla ,

H2

Hlb

H20

AJULIU

H
^^NTs

3

'—

HoO

(134)

r

r

H1

H3

H2

'

J

X

J

N-H
Ji
H

'
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I

I

I
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7 6 5 <

Figure. 3.2. 1E N M R spectrum of sulfinamide (128) (upper) and
sulfonamide (134) (lower) in CDCI3 (* impurities from hexane).

' i

Scheme

3.8

N ^ ^
TsN/,.4
g v Ph

Pd(PPh3)4 5 mol%
l
NaOH,H20
NTs
** "v^Xx
Me0H R T
THF, RT, 10 min
'

'
R

>s^>

NTs

Table 3.2.
The
rearrangements
of
allylic
sulfoximines to allylic sulfinimides and subsequent
base hydrolysis to allylic sulfonamides

R

sulfoximine

OH

overall yield (%)
(product)
Ph
84(129)

(87b)
OH
(32)

0
(55a)

80(130)

P h ^
Ph

81(131)

P r T ^ ^
0

79(132)

(55d)

0
(55e)
(24)

These

rearrangements

6.

90(133)
90 (134)

H

occurred

with

complete

1,3-allylic

transposition and in the presence of unprotected carbonyl and
hydroxyl functional groups. They were completely regioselective

Chapter 3

8_0

and resulted in the primary allylic sulfonamide (129)-(133)
having exclusively the (E)-geometry. The structures of (129)-(133)
were determined by *H N M R analysis. The coupling constants
between H 2 and H 3 in compounds of (129)-(133) were observed
in the range of 15.2-15.6 Hz, a value typical of (£')-alkenes.111

Table 3.3.
T h e coupling
constants
J
J 2 3 between H 2 and H 3 in the H N M R
( C D C 1 3 ) of (129M133)
compound

chemical shift (ppm)
H3
H2

J2,3

(Hz)

(129)

5.33

5.74

15.6

(130)

5.66

5.79

15.2

(131)

5.31

5.78

15.3

(132)

5.41

5.59

15.2

(133)

5.33

5.53

15.6

Furthermore, unlike the rearrangement of allylic sulfoximines to
allylic sulfinimides under thermal conditions,?2 these palladium(O)
catalysed rearrangements proceed with complete conversion to the
isomeric allylic sulfinamide at rt in synthetically useful overall
yields (79-90%).
No rearrangement of the allylic sulfoximines to their isomeric allylic
sulfinimides was observed in the absence of the palladium catalyst
in T H F , even when solutions of these allylic sulfoximines in T H F
were heated to reflux for 1.5 h.
The mechanisms
systems

of the palladium catalysed reaction of allylic

(e.g. allylic

acetates) have

been

investigated

and a

significant number of reviews have appeared in this area over the
last two decades. 112 ' 115-136

In general, palladium enjoys two stable

oxidation states, the + 2 state and the zerovalent state, and it is the
facile redox interchange between these two oxidation states which
is responsible

for the rich

reaction

chemistry

that palladium

complexes display. A n example of the redox interchange between
these two oxidation states is s h o w n in Scheme 3.9. T h e catalytic
cycle of these reactions involves a TT-allyl palladium complex as a
intermediate. Oxidative

addition

of an allylic substrate to the

palladium(O) species forms a rc-allyl palladium(II) complex, which
undergoes attack of a nucleophile on the n -allyl moiety to give an
allylic substitution product. 1 1 5 ' 1 2 6 ' 1 2 9 - 1 3 2 ' 1 3 6

Scheme 3.9

^v^x
Pd(0)

By

analogy

with

1

+X

Nu

the k n o w n

Pd(H) J

chemistry

of allylic sulfones w e

assumed that our palladium catalysed rearrangements occur via the
allyl-palladium cation

complex

intermediate ( 1 3 5 ) 8 3 " 8 5

(Scheme

3.10).

Scheme

3.10

R
Pd(0)

PhSONTs

0*VPh
NTs

(135)

SOPh
I
.NTs

The cationic 7c-allyl palladium(II) complex (135) was presumably
formed in the presence of the palladium(O) catalyst via an oxidative
addition

mechanism

in

which

palladium(O)

is

oxidised

to

palladium(II) and the sulfoximine group acts as a leaving group.
The electrophilic complex (135) then reacts with the sulfinamide
anion. Nucleophilic attack by this ambident anion via the nitrogen
atom, at the least substituted terminus of the allylic cation, gives a
primary allyl sulfinamide, with a 1,3-allylic shift of the double
bond.

3.3.2. Rearrangements of Primary Allylic
Sulfoximines
without

to Primary

Allylic

Sulfinimides

1,3-Allylic Shift of the Double

Bond

The reactions of the racemic primary allylic sulfoximines (110),
( 1 1 1 ) , ( 1 1 8 ) , ( 1 1 9 a ) and (12 0 )

with

P d ( P P h 3 ) 4 1 1 2 followed

by

of the resulting

sulfinimides

gave

with

base

treatment

the primary

freshly

allylic

prepared
allylic

sulfonamides

(136)-(138), (139a) and (140) with overall yields in the range of
87-95% (Scheme 3.11 and Table 3.4).
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Scheme 3.11
R"
R ^

o
II .Ph
*NTs

a. Pd(PPh3)4 5 mol%,THF, RT, 10 min. b. NaOH, H 2 0/MeOH, RT

Table 3.4. Rearrangements
of primary
allylic
sulfoximines to primary allylic sulfinimides and
subsequent base hydrolysis to allylic
sulfonamides
time
(min)

sulfoximine

O
Et<Xif^%n Ph
NTs

10

Et ^ ^ \ ^ NHTs
(136)
(95%, E : Z = 90 : 10)

(110)
(E : Z = 58 : 42)

NTs

product
(compound, yield)

10

Ph

^^^y

NHTs

(137)(87%)
.NHTs

10
(138)(90%)

(118)

NHTs

NTs
10
(139a)(89%)

(119a)

NHTs

10
(120)

(140)(90%)
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Treatment of a T H F solution of the acyclic allylic sulfoximines (110)
(E : Z = 58 : 42) or (111) with 5 m o l % of Pd(PPh 3 ) 4 at rt for 10 min
resulted in a bright red solution.

Evaporation of the T H F in vacuo

and exposure of the crude reaction mixture to 1 0 % aqueous sodium
hydroxide and M e O H (1 : 10) at rt for 2 h gave the primary AT-tosyl
allylic amines (136) and (137) respectively (Fig. 3.3 and 3.4), in
yields of 9 5 % and 8 7 % , respectively (Table 3.4). In both cases the
rearrangement

reactions

were

completely

regioselective

and

resulted in products without 1,3-allylic rearrangement. The lB. N M R
spectrum of compound

(136) is shown in Fig. 3.3. This lU

NMR

spectrum showed resonances for both the major (£)-isomer and the
minor (Z)-isomer in a ratio of 90 : 10. The geometry of the alkene
group of the major and minor isomers was apparent from their
respective J23 value. For the major isomer J23 = 153 H z while that
for the minor isomer was J2,3 = 10-5 Hz. Especially apparent was the
resonance at 8 3.60 (dd, J = 7.2, 5.7 Hz, C H ^ N H T s ) for the minor
isomer and at 5 3.53 (ddd, J = 6.3, 2.4 1.2 Hz, C H ^ N H T s ) for the
major

isomer. Furthermore, no

sulfoximine

rearrangement

of

the allylic

(111) to its corresponding allylic sulfinamide was

observed in the absence of palladium catalyst in C 6 D 6 , even when
the solution was heated at 80 °C for 24 h.
Again the regiochemistry of these reactions can be understood in
terms of the formation of the Pd-allylic cation complex
followed

by

addition

of the

sulfinamide

anion

(135)

to the least

substituted terminus of the allylic cation moiety of (135) (Scheme
3.12).

Scheme

3.12
O
» -Ph

Pd(O)

I ' and (135)
R^Pd +
L
^L
(antf-complex)

NTs

R

Pd(0)

A-Ph

PhSONTs

Vs
(135)
(sy/7-complex)

SOPh
1

R^^^NTs

OH"
*.

NHTs
(136) R=Et
(137) R = Ph

Preference for the more stable syn complex (135) (R = Et) would be
expected from the initial mixture of syn and anti Pd-ailylic cation
complexes that could arise from the reaction of (E)- and (Z)- (110)
with Pd(PPh 3 ) 4 , respectively134 (Scheme 3.12).
The palladium catalysed reactions of the cyclic N-tosyl
sulfoximines

(118), ( 1 1 9 a ) and (120)

were

also

allylic

completely

regioselective and gave, after base hydrolysis, the primary N-tosyl
primary

allylic

amines

(138), (139a) and (140)

respectively,

without 1,3-allylic transposition and in good overall yields (Table
3.4).
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I^NHTs Et
+ 3-

- 1 NHTs

(Z)-(136)

/

r

HoO

(£)- N-CH 2

J J
(Z)- N-CH 2

jJjl
111.79

33.62
73.23

3*6.e2
9.22

Figure 3.3. IH N M R (CDC1 3 ) spectrum of (E)- and (Z)-sulfonamides
(136)

3.3.3.

Rearrangements
Sulfoximines

of iV-Substituted Allylic

to Primary

Allylic

Sulfinimides

The N-methoxycarbonyl and N-methyl allylic sulfoximines, (119b)
and (119c), also underwent rearrangement to their corresponding
allylic sulfinimides with Pd(PPh 3 ) 4 , however these reactions were
much slower than that of their related N-tosyl analogue

(119a).

Qualitatively, the relative rates of the reactions of (119a), (119b)
and ( 1 1 9 c )

with

Pd(0) correlated

closely

with

the electron

withdrawing ability of the N-substituent of the sulfoximine. Thus
while (119a) reacted in 10 min, (119b) required a reaction time of
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30 min while the reaction of N-methyl

compound

(119c) was

complete only after 1 h (Table 3.5). In the later reaction the yield of
the iV-methyl allylic amine (139c) was low (21 %, isolated as its
less volatile TV-tosyl derivative). Attempted purification of (139c)
was unsuccessful due to its volatility, however the formation of this
compound was clearly evident from inspection of the

]

H

NMR

spectrum of the crude reaction mixture. This spectrum showed the
alkenyl proton of (139c) at 5 5.91 (IH, br), the two N - C H 2 protons
at 6 3.49

(2H, br) and the N-CH_ 3 protons at 5 2.62

Furthermore, the lR N M R

(3H, s).

spectrum of (139c) showed the reaction

was completely regioselectivity (Scheme 3.13 and Table 3.5). The
yield of (139c) was determined on its TV -tosyl derivative

(141)

(Scheme 3.14 and Fig. 3.4) that was obtained by treatment of the
crude reaction mixture with p-toluenesulfonyl chloride in pyridine.
The ^

NMR

spectrum of (141) (Fig. 3.4) showed this compound

was a single regioisomer. The major product isolated from the
reaction

of

(119c)

phenylsulfinamide

with

palladium(O)

was

TV - m e t h y 1

(142) (68 % ) The structure of (142)

determined by iH N M R analysis. The *H N M R

was

spectrum showed the

aromatic protons at 5 7.72-7.64 (2H, m ) and 7.57-7.44 (3H, m ) , the
N H proton as a broad singlet peak at 5 4.32 and the methyl protons
as a doublet peak at 6 2.55 (3H, d, J = 5.6 Hz). This product is
thought to arise via deprotonation of the intermediate Pd-allylic
cation complex by the relatively basic TV-methyl

phenylsulfinamide

counter anion. This would also eventually give 1-vinylcyclohexene
(143) that w e suspect was not isolated due to its volatility (Scheme
3.14).
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Scheme

3.13
SOPh
I
NR
Pd(PPh3)4 5 mol%

NHR

NaOH, H 2 0

•

THF, RT

MeOH, RT

(119b)R = C0 2 CH 3
(119c)R = CH 3

(139b) R = C0 2 CH 3
(139c)R = CH 3

Table 3.5.
Rearrangement of TV -substituted
allylic sulfoximines (119b) and (119c) to primary
allylic sulfinimides and base hydrolysis to Nsubstituted allylic amines.

sulfoximine

time(min)

product

yield (%)

O

s-ph

NHC02CH3

'"NCX)2CH3

30

68

60

21

(119b)

o
" . Ph
NCH3

(119c)

(139c)
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Scheme 3.14

o
II ..Ph
NCH3
Pd(O)
PhSONCH 3
(119c)
NHCH3

+

PhSONHCH 3

(139c), 2 1 %

(142), 6 8 %

+

(143)

I TsCI/pyridine
N(Ts)CH3

(141)
N(Ts)CH3

(141)

C=CH

- u

JL.
- i — i — i — r

Figure 3 . 4 . ^ N M R spectrum of sulfonamide (141) in CDCI3 (
impurities from hexane).
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3.3.4. Rearrangement of Chiral a-Substituted Allylic
Sulfoximines

In principle the palladium(O) catalysed rearrangement reactio
optically active a,y-disubstituted allylic sulfoximines can give rise
to optically active /V-substituted allylic amines. The success of this
reaction depends upon the regioselectivity and diastereoselectivity
of the rearrangement reaction.
Treatment of the crude methylation products (121), (122a) or
(122b) with 5 % mol Pd(PPh3)4 in THF at rt for 10 min, followed by
base hydrolysis, gave the related TV-protected allylic amines (144),
(145a), or (145b) respectively. The yields of these reactions were
overall yields calculated from (118), (119a) or (119b) (Scheme
3.15 and Table 3.6). These reactions were completely regioselective
and gave none of the 1,3-allylic rearrangement products. The
absolute stereochemistry of (145a) was (5) based on a chemical
correlation with (S)-(147) as discussed in the following pages of
this Chapter. The (S) stereochemistry assigned to (144) and (145b)
was based upon identical signs of their specific rotation. The
enantiomeric purities of (144) and (145a) were determined by
chiral shift studies as discussed in the following pages of this
Chapter. The enantiomer purity of (145b) was determined by
chiral HPLC studies.

Scheme

3.15

M S

% MHR

1.Pd(0),THF
•

»

2. NaOH/MeOH
(121) n = 1,R = Ts
(122a) n = 2, R = Ts
(122b) n = 2, R = C 0 2 C H 3

(144) n = 1,R = Ts
(145a) n = 2, R = Ts
(145b) n = 2, R = C 0 2 C H 3

Table 3.6.
Rearrangement
of
chiral
asubstituted allylic sulfoximines (121), (122a) and
(122b) and subsequent base hydrolysis to TV protected allylic amines.

sulfoximine

product

yield (%)a

ee (%)
(corrected ee)b

Me
NTs

? 1 NHTs
Hfc^

6

36

88
(92)

64

88
(92)

40

34
(35)

(144)

(121)

Me
5 ^ NHTs

NTs

(122a)
O

s-

Pn

(145a)
Me
Hfc^= N H C 0 2 C H 3

*NC0 2 CH 3

(122b)
a

(145b)

overall yield from their respective sulfoximines (118), (119a)
and (119b). b corrected for the ee of the starting sulfoximine (3)
(ee = 96%)

Heating a T H F solution of (122a) at reflux for 6 h, followed by
purification on silica gel gave an inseparable 45 : 55 mixture of the
rearranged TV-tosyl allylic amines (145a) and (146), respectively,
in a combined yield of 7 3 % (Scheme 3.16). These compounds could
be

separated

stereochemistry

by

preparative

HPLC.

The

absolute

(S)

of

(145a) ( [ a ] D 2 2 -8.0© (c 0.2, CHC1 3 )) was

determined by a comparison of the specific rotation of its 4(147) ([cc]D23 -10.0<> (c 0.4, CHCI3))

methyl-benzenesulfonamide

with that prepared from tosylation of commercially available (R)-lcyclohexylethylamine according to Scheme 3.15.
cyclohexyl)ethyl]-4-methyl-benzenesulfonamide
rotation of [cc]D23 +24.0° (c 0.5, CHCI3).

Scheme 3.16

Me

J! ^ Ph
^ *^Sr-Kn

Me
H ^ =^NHTs

1. THF, reflux, 6h
•

2. silica gel
73%
[(145a): (146) = 45 : 55]
(122a)

(145a), ee = 88%

I

Pd/C, H 2

Me
H ^ ?^NHTs

(S)-(147)

had

(R)-N-[l-(la

specific

The absolute stereochemistry assigned to (146) ([al D 27 -25.9° ( c
C H C I 3 ) is more

0.27,

tenuous and is based on

mechanistic

considerations (Scheme 3.17 and 3.18). The (E) stereochemistry of
(146) was established by a N O E S Y experiment that showed a cross
peak between the alkene proton (8 5.23, dq, J = 6.9, 1.2 Hz) and the
N H proton (8 4.47, br) (Fig. 3.5).

Me
NH
(146) j s

=CH

N-H

Li
N-H

jJO'l

—

=CH -

FI (pp.l

l

Figure 3.5. U N M R spectrum (upper) and N O E S Y spectrum (lower)
of (146) in CDCI3
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The enantiomeric purities of (145a) and (146) were determined to
be 8 8 % and 8 7 % respectively [(92% and 9 1 % ee corrected for the ee
of the starting sulfoximine (3)], by lU N M R studies using the chiral
shift agent europium

tris[3-(heptafluoropropylhydroxymethylene)-

(+)-camphorate] (Fig. 3.6 and 3.7).
Me
H^ ?ANHTS

(145a)

Figure 3.6. IH N M R spectrum of (145a) in C D C 1 3 using the chiral
shift agent
tris[3-(heptafluoropropylhydroxymethylene)-(+)camphorate].
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Figure 3.7. ! H N M R spectrum of (146) in CDCI3 using the chiral
shift
agent
tris[3-(heptafluoropropylhydroxymethylene)-(+)camphorate].

These studies resulted in well resolved separate signals for the Dimethyl group of (145a) and the vinyl methyl group of (146) for
the two

enantiomers

of these compounds respectively, in both

racemic and optically active preparations of these compounds. Fig.
3.6 and 3.7 show the iH N M R spectra of optically active (145a) and
(146), respectively in the presence of the chiral shift agent tris[3(heptafluoropropylhydroxymethylene)-(+)-camphorate].

The

methyl doublet resonance for both enantiomers of (145a) and
(146), respectively

are shown

in the upper expanded

spectral

region. Integration of these two doublets was used to determine the
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enantiomeric purities of these compounds. The ratios of the two
enantiomers were estimated to be 94 : 6.
The stereochemical sense of the Pd(0) catalysed reactions of (121),
(12 2 a ) and ( 1 2 2 b ) was identical and like (145a),
obtained

from

the

thermal

rearrangement

of

that was

(122a),

these

compounds had the (S) absolute stereochemistry. Thus if the (S)
stereochemical assignment to the stereogenic carbon in (121),
(122a) and (122b) is correct then both the palladium(O) catalysed
rearrangement of these compounds and thermal rearrangements of
(122a) occurred with overall retention of configuration of the
stereogenic carbon. While the enantiomeric purities of (144) and
(145a) were high (both had an ee of 8 8 % (92% corrected)) that of
(145b) was only moderate (ee 34 % from analysis by chiral H P L C ) .
The a-methylated allylic sulfoximines (121), (122a) and (122b)
were too unstable to prepare crystals for X-ray crystallographic
analysis. However, based on our previous work,*3 w e would predict
that these compounds had the (S) stereochemistry at the a-carbon
(Scheme 3.16). Our suggested structure (148) for lithiated (119a)
is shown in Scheme 3.16. This type of structure is also supported by
single crystal X-ray structural studies by Gias on related lithiated
allylic sulfoximines.55 Methylation of (148) would be expected to
occur syn to lithium and anti to the S-Ph group (Scheme 3.17).

Scheme 3.17

LDA

(122a)

(119a)

NTs
(148)
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The palladium(O) catalysed rearrangement of these compounds and
thermal rearrangements of (122a) occurred with overall retention
of configuration of the stereogenic carbon. If this stereochemical
assignment is correct then the thermal and palladium(O) induced
rearrangement reactions on (122a) can be rationalised as depicted
in Scheme 3.18 and 3.19.

Scheme 3.18

Pd(0)
\

L

Pd(0)

Me

INVERSION

s©>
Pd Me
'H
0N(Ts)SOPh

CsO(Ph)NTs
(122a)

(149)

OVERALL
RETENTION OF
CONFIGURATION

AVERSION

Me
H
N(Ts)SOPh
(150)ee = 9 2 %

SO(Ph)NTs

S
(122'a)H

£""H
Me

\
* -

3-aliylic strain
Pd(0)

The retention of the configuration of the chiral centre can be
explained

by the mechanism

proposed

in Scheme

3.18. The
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palladium(O) approaches

from

( 1 2 2 a ) , anti

sulfoximine

to

the

the top face of the

palladium(II) cation complex
(149).

Attack

leaving

conformation

group,

to

give

a

with the planar chirality shown in

of palladium(O) on

the

alternative

conformation

(122'a) would be expected to be less likely because of 1,3-allylic
strain 1 3 4 ' 1 3 7

between the cc-methyl

substituent

and

the

vinyl

proton. The sulfinamide anion can then attack the allylic cation
(149) anti to the bulky palladium(II) moiety to give the (S)-isomer
(150) with overall retention of configuration at the a-carbon.

Scheme 3.19

A

Me
SO(Ph)NTs

ON(Ts)SOPh

(122a)

A

(151)

[2,3] rearrangement

Me
' H
N(Ts)SOPh
(150)

N(Ts)SOPh
(152)

The

thermal

intimate

ion

rearrangement
pair ( 1 5 1 ) ,

of

(122a)

followed

by

may
rapid

proceed via the
collapse

of this

intermediate to give (150) or (152). Alternatively, s o m e or all of
(152)

may

arise from a [2,3]-sigmatropic rearrangement. 13 *- 1 ^ In

the later scenario, collapse of the ion pair intermediate (151) would
necessarily be regioselective and give only (150). F r o m this study,
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however, it was not possible to distinguish between the different
possible reaction pathways.

3.4. Conclusion

The palladium(O) catalysed rearrangement of certain primary and
secondary allylic sulfoximines to give TV-protected allylic amines
has been shown to be highly efficient and regioselective. In the case
of the optically active substrates (121) and (122a) these reactions
occur with retention of configuration at the carbon bearing the
sulfoximine group and give products in high enantiomeric purities.
Thus a practical method of converting allylic sulfoximines to their
isomeric allylic sulfinimides has been developed. Subsequent base
hydrolysis of the latter compounds gives TV-tosyl allylic amines in
good to excellent overall yields.

CHAPTER 4

Cyclopropanation Reactions of Enones
with Lithiated Sulfoximines:
Application

to the Asymmetric

of Chiral Cyclopropanes

Synthesis

Chapter 4

101

4.1. Introduction

With the current interest in the asymmetric synthesis of
cyclopropanes 86 " 91 w e became interested in developing the method
of Johnson w h o first described the cyclopropanation of chalcone
using lithiated TV-tosyl-S-methyl-S-phenylsulfoximines

(3) in

1973. 16 Johnson reported that optically active (ee 4 9 % ) ((IR, 2R)(2-phenylcyclopropyl) phenyl

ketone) (81) was formed from the

reaction of chalcone and lithiated (7?)-TV-tosyl-5'-methyl-5-phenyl
sulfoximine

(3) (ee 8 4 % ) at rt for 12 h (Scheme 4.1). The

cyclopropane

(81) must arise from cyclization of the initial anionic

Michael adduct A . Clearly the diastereoselectivity of this reaction is
dependent

upon

the

diastereoselectivity

of the

initial

Michael

reaction between lithiated (3) and chalcone. The purpose of this
study was to examine the stereochemistry and diastereoselectivity
of the reaction of lithiated alkyl, allylic and benzylic sulfoximines
with enones at low temperature (-78

° C ) and the application of

these addition reactions to preparing optically active cyclopropanes.
Scheme 4.1
H
Me^S-^Ph
NTs

1. n-BuLi, THF, -78 °C, 10 min
•
PK
2. chalcone (2.4 equiv), rt, 12 h

(fl)-(3) (ee 84%)
Ph

A

PhCO

(81)[86%(ee49%)]

O j Ph O

NTs
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4.2. Preparation

of Racemic

and

Optically

Active

TV-Tosyl

Sulfoximines

(a) Racemic and Optically Active TV-Tosyl-S-alkylSulfoximines

Optically active (+)-(5)-5'-methyl-5-phenylsulfoximine (1) was
obtained

by

the

resolution

of racemic

(1) with

(+)-(S)-10-

camphorsulfonic acid (2), (+)-(5)-(l) was obtained in 4 6 % yield and
in 9 7 % enantiomeric purity [[OC]D 25 35.5 (c 1.31, acetone); lit.4 [CC]D
36.5, (c 1.2, acetone)] (Scheme 4.2).

Scheme 4.2

o
Me—S-Ph

(155)

KI04,0°C, 1h
•
r.t, O/N

o

II
Me—S-Ph

NaN 3
II
Me—S-Ph
u 0^ »
H 2 S0 4
II
NH
(156)
95% racemic (1)
(+)-(S)-(2) /
/ fractional
Q
^
recrystallization
II
II
P h ^ S ^ M e + PhM'-S-'lMe
ll

NH
46% (+)-(S)-(1)

il

NH
(-)-(fl)-(1)

In order to prepare another 5-alkyl-sulfoximine, lithiated

racemic

/V-tosyl-.S-methyl-5-phenylsulfoximine (3) or optically active (S)-(+)
-(3) ( 9 7 % ee) was treated with 1-bromopropane initially at -78° C
and then at rt to give, after purification by column chromatography
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on silica gel, racemic TV-tosyl-S-butyl-S-phenylsulfoximine

(157) in

65% yield or optically active (S)-(+)-(157) in 67% yield [oc]D23 +95.5°
(c 1.7, acetone), respectively (Scheme 4.3).

Scheme 4.3

o
n

1. n-BuLi
2. BrCH 2 CH 2 CH 3

Me—S—Ph

p/*NTs

ll

65 % racemic (157)

NTs
racemic (3)
0
II
Ph^S-«Me

1. n-BuLi
2. BrCH 2 CH 2 CH 3

ll

NTs
6 7 % (+)-(S)-(157)

(+)-(S)-(3)

(b)

Racemic

TV-Tosyl-S-Benzyl-S-Methylsulfoximine

(158)

Treatment of racemic S-benzyl-S-methylsulfoximine^ (159) with
p-toluenesulfonyl chloride in pyridine at 0 °C initially and then rt
for 18 h gave TV-tosyl-S-benzyl-S-methylsulfoximine (158) in a
yield of 97% (Scheme 4.4).

Scheme 4.4

pyridine
Me—S-CH2Ph
ll

p-MeC 6 H 4 S0 2 CI

0
II
Me—S-CH2Ph
NTs

NH
racemic (159)

97% racemic (158)
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(c)

(S)-(+)-TV-Tosyl-S-Allyl-S-Phenylsulfoximine

(24)

Treatment of lithiated (S)-( + )-TV-tosyl-S-methyl-S-phenyl
sulfoximine (3) (96% ee) with acetaldehyde at -78 °C, gave, after
purification by column chromatography on silica gel, the [3-hydroxy
sulfoximine
(160)

(160) in a yield of 68%. The (3-hydroxy

was

treated

with

triethylamine

and

sulfoximine

methanesulfonyl

chloride (MsCl) in dichloromethane (DCM) at 0 °C for 2 h and then
D B U was added at 0 °C. The reaction was warmed to rt and stirred
for 18 h. Purification of the crude reaction mixture by column
chromatography on silica gel gave a mixture of the allyl sulfoximine
(24) and the vinyl sulfoximine (161) in a total yield of 7 4 %
(Scheme 4.5). The ratio of (24) and (161) was 50 : 50 from } H

NMR

analysis of the crude reaction mixture. Compounds (24) and (161)
could not be separated by column chromatography on silica gel. The
l

H NMR

spectrum of (161) showed HI as a doublet of quartets at 5

6.45 (J = 14.8, 1.6 Hz), H 2 as a doublet of quartets at 5 6.99 (J = 14.8,
6.8 Hz) and a vinyl methyl group as doublet of doublets at 8 1.95 (J
= 6.8, 1.6 Hz). The (Ti)-geometry111 of (161) was determined by the
coupling constant Ji?2 = 14.8 Hz.
Scheme

4.5
OH
lithiated (+)-(S)-(3)

1.CH 3 CHO
2. NH 4 CI

O

NTs
6 8 % (160)

74%/^.EtsN/DCM
2. MsCl
3. DBU

(S)-(24)

(S)- (161)
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Michael

Additions

and

TV-Tosyl

Sulfoximines

Cyclopropanations

using

4.3.1. Racemic (£)-TV-Tosyl-S-(3-Phenyl-2-Propenyl)
S-Phenylsulfoximine

(111)

We found that treatment of a solution of racemic lithiated (E)-Ntosyl-5-(3-phenyl-2-propenyl)-5-phenylsulfoximine
chalcone

(111) and

(162a) (1.2 equiv.) at -78 ° C for 20 min gave, after

quenching at -78 °C with acetic acid, not the desired Michael
adduct, but

a

mixture

of

two

cyclopropanes

(16 3 ) .

diastereomeric ratio was determined to be 55 : 45 from

!

H

The
NMR

analysis of the crude reaction product. The diastereoisomers of
(163) could be separated by preparative H P L C using 0.2% ethyl
acetate/hexane

as

eluent.

The

structures

diastereoisomers were determined by N M R

of

and M S

the

two

spectroscopic

studies (Fig. 4.1). ID N O E difference experiments on the major
diastereoisomer of (163) showed that pre-irradiation at H 2 (8 3.37)
induced 3.1% and 5.5% enhancements of the signal for the Uortho (8
8.01) of the benzoyl (PhCO) group and H 3 (5 2.75). The same
experiments on the minor diastereoisomer of (163) showed that
pre-irradiation at H 2 (8 3.30) induced a 9.5% enhancement of the
signal due to the Hortho (8 8.07) of the benzoyl group and preirradiation at H 3 (8 2.82) induced a 4.6% enhancement at H I (8
3.35). These

experiments

established

the syn

stereochemical

relationship between H 2 and H 3 in the major diastereoisomer and
the syn

stereochemical relationship between H I

and H 3

in the

minor diastereoisomer. Furthermore, an analysis of the proton
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vicinal coupling constants between HI, H 2 and H3 in the *H

NMR

spectra of (163) showed two trans couplings (Ji ^ = 5.6 Hz, J13 = 6.4
Hz) and one cis coupling (J23 = 9.2 Hz) in the major diastereoisomer
and two trans couplings (Ji?2 = 5.2 Hz, J23 = 4.4 Hz) and one cis
coupling (Ji,3 = 9.6 Hz) in the minor diastereoisomer141
4.6).
Scheme

4.6

0

Fh-

Ph

Ph

f>

TsN

racemic (111)

(162a)

H Ph

THF

Ph

-x—1.-78°C,20min
2. H O A c

1 .-78 °C, 20 min
2. H O A c

Ph

Ph
Ph

Ph

O

Y

3

0
(163) 7 1 % (d.r. = 55:45)

-,.^ Ph

TsN

(Scheme

-0

ppm

Ph

A2 z
Ph

Y

o

H20

3*^Ph
1

'

minor (163)

H1 H2 , H3

JL_A

»

ppm

a
8.15

Figure

4.1.

iH N M R

spectra (CDC13) of the major (upper

spectrum) and minor (lower spectrum) diastereoisomers of (163).
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4.3.2.

TV-Tosyl-S-AUyl-S-Phenylsulfoximine

(24)

The Michael adducts (55a), (55b) and (55c) have been reported

previously10'63 by us from the reaction of racemic lithiated TV

S-allyl-S-phenylsulfoximine (24) at -78 °C with the acyclic en

(162a)-(162c) for 3 min. The racemic 1,4-a adducts (55a), (55b)
and (55c) were obtained in modest to excellent yields (Scheme
4.7).

Scheme 4.7

THF
RlX^R2

+

Ph-X^
V ^0
TsN

-78°C

racemic (24)

(162)

Li + -n H R 2

HOAc

9 H^. ¥ H

(55a) (90%, d.r. = 93:7)
(55b) (45%, dr. = 90:10)
(55c) (61%, d.r. = 94:6)

R2

,
1A

^

O
(164a) (83%, dr. = 79:21)
(164b) (91%, d.r. =91 : 9)
(164c) (84%, d.r. = 84 :16)

R 1 = R 2 = Ph
b; R 1 = Me, R 2 = Ph
1
2
c; R = Ph, R = M e
a;
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The product diastereoselection ranged from 90 : 10 to 94 : 6 as
determined by * H N M R

analysis of the crude reaction mixtures.

The relative (3R*, 4R*, SS*) stereochemistry of (55a) has been
determined by X-ray structural analysis and has been rationalised
as occurring via the transition state structure A in which the largest
groups on the two reacting partners (R 2

and the sulfonimidoyl

group) are anti in order to minimise steric interactions (Scheme
4.8).63

Scheme 4.8

(165)

In this new study, it was noted that after continued stirring of
solutions of the anionic adducts (165a)-(165c) at -78 ° C for 20
min no n e w products were observed by T L C analysis. However,
after warming these solutions to rt for 1 h, then the racemic
vinylcyclopropanes

(164a)-(164-c) were obtained in good yields

(83-91% after column chromatography) and, in the case of the
cyclopropyl

phenyl

ketones

(16 4 a ) and (16 4 c ) ,

in lower

diastereoselectivity than their respective Michael adducts

(55a)
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and (55c) (Scheme

4.7). In contrast, the diastereoselectivity

observed for the cyclopropyl methyl ketone (164b) was essentially
identical to that found
Cyclopropane

in its related Michael product (5 5 b ) .

(164b) was easily obtained diastereomerically pure

after purification

by

column

chromatography.

Enantiomerically

enriched (IS, 2R, 3S)-(164b) ([a] D 2 7 = 36° (c, 0.72, acetone)) w a s
prepared by lithiation of a mixture of (5)-(24) and (5)-(161) (80 :
20) (prepared according to Scheme 4.9) with L D A and treatment of
the

resulting

carbanion

with

4-phenyl-3-buten-2-one

(162b)

under identical reaction conditions and procedures as described
above for the reaction of racemic (24) and (162b).

Scheme 4.9

f? ,Ph

l.n-BuLi/THF

CH3-S'
X

"

NTs

(S)-(3)

22.C C
H H 3CCH H O

(S)-(24)

^ °

3. MsCl / Et3N
4. DBU

(S)-(161)

LDA/THF
(S)-(24) + (S)-(161)
U+

-78°C

(F?)-(24)

(162b)

(lS,2fl,3S)-(164b)

.
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IH N M R

studies using the chiral shift agent europium tris[3-

(heptafluoropropylhydroxymethylene)-(+)-camphorate]

indicated

that the enantiomeric purity of (164b) was 9 5 % after correction for
the enantiomeric purity of (5)-(24) (ee 96%). These iH N M R studies
resulted in well resolved separate signals for the methyl ketone
group of (164b) for the two enantiomers of these compounds in
both racemic and optically active samples (Fig. 4.2).

major

ppm

Figure 4.2.
'H N M R (CDCI3) spectrum (lower) of (164b) and
its spectrum (upper) in the presence of chemical shift agent
europium
tris[3-(heptafluoropropylhydroxymethylene)-( + )camphorate]. The upper expended section is of the methyl ketone
resonances for both enantiomers.

The stereochemistry of (164b) was established by N M R studies.
N O E difference experiments on (164b) showed a 1.2% enhancement
of the signal due to H 2 (6 2.87, dd, J = 6.0, 6.0 Hz) upon selective
irradiation of the alkene methine proton (8 5.87, ddd, J = 17.2, 10.4,
9.6 Hz) that established their syn

stereochemical

relationship

(Scheme 4.10 and Fig. 4.3). Furthermore, an analysis of the proton
vicinal coupling constants between H I , H 2 and H 3 in the lH

NMR

spectrum of (164b) showed two trans couplings (Ji,2 = h,3 = 6.0 Hz)
and one cis coupling (Ji,3 = 9.2 Hz). 1 4 1

Based on this information,

and knowing the relative stereochemistry of (55b), the absolute
stereochemistry

( 1 6 4 b ) could be assigned as (IS, 2R , 3 5 ) .

of

Cyclopropanes
diastereomerically

(16 4 a ) and ( 1 6 4 c ) could
pure

compounds

be

separated into

by preparative H P L C

using

0.5% ethyl acetate/hexane as eluent. ID N O E difference experiments
and analysis of the proton coupling constants between H I , H 2 and
H3 in the IH N M R

spectra of the major diastereoisomers of (164a)

and (164c) showed that H I and H 3 in (164a) and (164c) had the
syn stereochemical relationship as in (164b). A summary of these
N M R studies is given in Table 4.1. The relative stereochemistry of
these

cyclopropanes

is

that

expected

for

an

intramolecular

nucleophilic displacement reaction of the sulfoximidoyl group from
the intermediate (165b), with inversion of stereochemistry at the
carbon bearing the sulfonimidoyl group (Scheme 4.10).
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4.10
(162b) + (S>(24)

THF, -78 °C

Lf

p

O

Me

\

H

H,

H3

7CO H'

CH

2

Me

1.2% NOE
(1S, 2fl, 3S)-(164b) (ee 95 %)

J
Table 4.1.
H
NMR
studies
diastereoisomer of (164a)-(164c)

cyclopropane
(164)

Ph

coupling constants
Jl,2 Jl,3 J2,3 (Hz)

of

N O E (%)
H*<-»H2*

the

major

stereochemistry

H, H 3

H<

Ph'

6.0

9.2

6.0

2.2

15*, 2R*, 35*

6.0

9.2

6.0

1.2

15, 2R, 35

5.2

8.8

6.0

1.0

15*, 25*, 35*

(a)
Ph

H, H 3

H

u'

Me

(b)

Me

H, Ha

Ph'

H

(c)

*
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Figure. 4.3. iH N M R (CDC1 3 ) spectrum (lower) and ID
experiment (upper) of (164a), with irradiation at HI.

NOE

Figure 4.3 is an example of ID N O E difference experiments on the
major diastereoisomer

of (164a). These spectra show that pre-

irradiation at HI (8 3.26 ) induced 1.9 % enhancement of the signal
for the H 3 (5
stereochemical

2.59). These
relationship

diastereoisomer.

experiments

between

HI

established, the
and

H3

syn

in the major
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As described previously
cyclic

enones,

the reactions of racemic

2-cyclopentenone

(162d)

and

(24) with the

2-cyclohexenone

(162e) at -78 ° C were poorly diastereoselective and gave mixtures
of the four possible diastereoisomers (Scheme 4.11). In this current
study, it was found that when the reaction of racemic (24) with
(162d) was
cyclopropanes
formed

from

warmed

to rt then the two diastereoisomeric vinyl

of ( 1 6 4 d ) (in a ratio of 71 : 29) were apparently
*H

NMR

analysis of the crude reaction mixture.

Attempts to isolate the pure products were not successful due to
the volatility of these compounds.

Scheme 4.11

1.THF, -78 °C
I + rac-(24)
CH2(nViJ
2. HOAc
(162d);n = 1
(162e);n = 2

1. THF,-78 °C tort
2- HOAc
9

CH^n

(55d); n = 1
(87%. d.r-49. 33 :10 : 8)
(55d), n = <L
(920/oj d. r. = 47 : 25 : 14 :14)

H

(164d)

(164d')

(164d): (164d') = 71 : 29)

The cyclopropane (164d') has been prepared previously as a single
diastereoisomer by Hudlicky et al.^

however it was difficult to

compare our i H N M R data at 400 M H z with those of Hudlicky that
were recorded at 80 M H z . The M S

of crude (164d/d') showed a

Chapter 4
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molecular ion at m/z 122 for (164d/d'), however some of the ions
observed in the M S of (164d/d') were different by one m/z unit to
those reported by Hudlicky.

The reaction of racemic (24) with (.R)-carvone (162f), initially at
-78 ° C

followed

by

vinylcyclopropane
diastereoselectivity

warming
(164f)

(d. r. =

to
in

75

rt
72%

: 25)

for

1

yield

h,

gave

and

(Scheme

the

moderate
4.12).

The

stereochemistry of the major diastereoisomer is that shown in
structure (164f) from *H N M R

studies. N O E S Y

experiments on

(164f) showed cross peaks between the allylic cyclopropyl proton
H7 (8 1.86) and the angular methyl group C 1 - C H 3 (8 1.26) and the
other

cyclopropane

diastereoisomer

of

methine

H6

(8

1.57)

in

the

(164f). The stereochemistry at C 6

major
is that

expected from the known stereochemical outcome of nucleophilic
conjugate addition to (162f), that usually arises from addition anti
to the P'-2-propenyl

group143

(Scheme

4.12). The

relative

stereochemistry at Cl, C 6 and C 7 in (164f) was that expected based
upon the stereochemical outcome of the reaction of racemic (24)
with the achiral cyclic enones (162d) and (162e) and consistent
with the chelated transition state B (Scheme 4.12).
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4.12

THF
-78 °C to rt
+ rac-(24)

(162f)

NOE

NOE
B

©=

(1641)

S> Ph

—S.

4.3.3.

72 %, d. r. =75 : 25

NTs

W-Tosyl-S-Benzyl-S-Methylsulfoximines

(158)

Treatment of a solution of racemic lithiated N-tosyl-S-benzyl-Smethylsulfoximine

(158) with chalcone (162a) (1.2 equiv.) at -78

°C for 3 min gave, after quenching at -78 ° C with acetic acid, the
diastereomerically pure and racemic Michael adduct (166). The
relative (3R*, 4R*, SS*) stereochemistry of (166) was established by
X-ray diffraction (Fig 4.4) and was identical to that obtained from
the reaction of (162a) and racemic (24), and consistent with the
transition state structure A

(Scheme 4.8). Under similar conditions

to those described above, the reactions of lithiated racemic N-tosyl
5-benzyl S-methyl

sulfoximine

(158) and chalcone (162a) at rt

gave the diastereomerically pure cyclopropane (167) in 9 6 % yield
(Scheme 4.13).
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4.13
+

0

U

r
(162a)

TsN
racemic (158)

THF

THF

-78°C,

' -78°Ctort

Ph
Ph
TsN

Y

Ph

o
(166) (72 %, d. r. = 99 : 1)

The

relative

(167) (96 %, d. r. = 99 : 1)

(3i?*, 4/?*, SS*) stereochemistry

of (166) was

established by X-ray diffraction (Fig 4.4) and was identical to that
obtained from

the reaction of (162a) and racemic (24), and

consistent with the transition state structure A

(Scheme 4.8).

The relative stereochemistry of (167) was evident from lH
spectroscopy and was that expected from an intramolecular

NMR
SN2

displacement reaction via the enolate anion derived from (166).
The fact that different lB N M R singles were observed for H 2 and H 3
in (167) ruled out the possibility that H 2 and H 3 were syn, and
thus they must be anti. A n analysis of the proton vicinal coupling
constants between H I , H 2 and H 3 in the [ H N M R spectrum of (167)
showed two trans couplings between H I (8 3.38) and H 2 (8 3.62)
(Jl,2 = 5.6 Hz) and H 2 and H 3 (8 3.28) (J2,3 = 6.8-7.2 Hz), one cis
coupling between H I and H 3 (Ji,3 = 9.6 Hz). 1 4 3

Furthermore, single
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crystal X-ray structure analysis of (167) (Fig. 4.5) revealed the two
phenyl groups were anti to each other.

Figure 4.4. Single crystal X-ray structure of (166)
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mx°

H20

r

y
•J

JJ

i—'—'—'—'—r

-T

1

T

-

ppm

Figure 4.5.
Single-crystal X-ray structure (upper) and 2 H N M R
spectrum (lower) (CDC13) of (167)
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Not

unexpectedly,

cyclohexenone

the

reaction

of

racemic

( 1 5 8 ) and 2-

(162e) gave a mixture (61 : 39) of racemic and

diastereoisomeric Michael adducts (168) in 8 2 % yield at -78 ° C .
Because of the poor solubility of (168), attempted separated of this
mixture

by

column

acetate/hexane

chromatography

as

eluent

was

on

silica gel with ethyl

unsuccessful.

Under

similar

conditions to those described above, the reactions of lithiated
racemic (158) and enone (162e) at rt gave a mixture of racemic
diastereoisomeric cyclopropanes (169) in 7 1 % yield at rt (d.r. = 60 :
40). The two diastereoisomers of (169) could be separated by
preparative H P L C .

The

relative stereochemistry

of the major

diastereoisomer of (169) is that shown in Scheme 4.14 from N O E S Y
experiments that showed cross peaks between the ortho

aromatic

protons (8 7.07) of the phenyl group and the two cyclopropane
• methines H I
experiments

(8 2.66) and H 6 (8 2.10-2.07) (Fig. 4.6). These
established

the

syn

stereochemical

relationship

between H I , H 6 and the phenyl group (Scheme 4.14).
Scheme

4.14
(162e) + racemic (158)

THF
-78°C,

THF
, -78°Ctort

°CH
TsN
(168) (82 %, d. r. = 61 : 39)

(169 ) (71 %, d. r. = 60 : 40)
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ll

' Li

H 7 Hortho

[* NOE] *^^
(169)

Ju

ppm

3^

t
6-

/

•

—i
-i

i

a

i — i — . —

7

r

1~

a
Fl (ppm)

3 H1

1

1

r-

2
H6

Figure 4.6. *H N M R (CDC13) spectrum (upper spectrum) and N O E S Y
experiment (lower spectrum) of the major diastereoisomer of
(169).
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JV-Tosyl-S-Methyl-S-Phenylsulfoximines

4.3.4.

(3)

The reaction of optically active lithiated (5)-,/V-tosyl-5-methyl-5phenylsulfoximine

(R)-(3) (ee 9 9 % )

1 6

with enone ( 1 6 2 a ) at -78 ° C

gave exclusively the 1,2-adduct ( 1 7 0 ) as a 5 8 : 4 2 diastereomeric
mixture in quantitative yield
was

performed

at

diastereomerically

pure

rt

(Scheme
then

4.15). W h e n

the

cyclopropane

optically

this reaction
active

and

( 1 7 1 a ) w a s isolated in 9 2 %

yield ( S c h e m e 4.15). T h e enantiomeric purity of ( 1 7 1 a ) ( [ O ; ] D 2 7
-388° (c 0.5, acetone)) w a s judged to be 9 9 % based o n the reported
specific

rotation

of enantiomerically

pure

( 1 7 1 a ) (lit.16 [ a ] o 2 5

+ 3 9 0 . 5 ° (c 1.0, acetone)). T h e relative (15, 2 5 ) stereochemistry of
( 1 7 1 a ) w a s established b y I D

N O E difference experiments. There

was a 1 . 4 % e n h a n c e m e n t of the signal d u e to ortho

aromatic protons

(8 7.19) of the C 2 phenyl group u p o n selective irradiation of H I (8
2.91).

These

experiments

relationship between H I

Scheme

established

the syn

stereochemical

a n d C2-phenyl group.

4.15
+

R,A^
(162)

R2

+

Li _
CHa
Ph3^0
TsN
(fl)-(3)
THF
| -78°Ctort

THF
-78 °C ,

R2
Ph
Ph

OH H

A

H

2

Ph* ^ 0
TsN
(92%, d.r. = 99 :1,
(170) (100%, d.r. = 58 : 42) (171a)
O
ee 99 % )
a ; R 1 = R 2 = Ph
(171c) (95%, d.r. = 98:2)
1
2
c; R = Ph, R = M e

Y
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Treatment of (170) with L D A at -78 ° C followed by warming the
reaction mixture to rt for 1 h gave the diastereomerically pure
cyclopropane (171a) in 60 % yield and starting material (3) in 3 6 %
yield (Scheme 4.16).

Scheme

4.16
OLi H
>£hsL / H

LDA THF
-78 °C tort Ph'

(170)

^ M7i.\xffliMi

-

Ph-J.
TsN'

^ = ^ (171a) + («H3J

(172)

Li.+ --o H n,
(171a)

Ph'

Ph-- i

"

H

(60 %, d. r. = 99 : 1)

* *0
TsN
(173)

Surprisingly, the oxirane (174), that could potentially arise from
nucleophilic

displacement

alkoxide in (172), 16

of the sulfonimidoyl

group

by the

could not be detected in the crude reaction

mixture (Scheme 4.17). This experiment indicated that at rt the
kinetically favoured

anionic

1,2-adduct (172) is in equilibrium

with the anionic 1,4-adduct (173) and that the latter undergoes
intramolecular displacement of the sulfonimidoyl group at a much
faster rate than the former anion that could give rise to an oxirane
(Scheme 4.16).

Chapter 4

Scheme

,

125

4.17
OLi

H

F*T ^
^
Ph—.A
TsN'

—•?<-*•

(172)

.^

O
L\

+

PhSONTs

(174)

The reaction of racemic (3) with enone (162 c) gave the
(171c) in high diastereomeric purity (d. r. = 98 : 2

cyclopropane

from G C analysis) in 9 5 % yield.
The reaction of lithiated racemic (3) with the enone (162b) at -78
°C or rt, under same conditions described above, gave unreacted (3)
and (162b). The failure of the reaction was thought to be due to
the acidic methyl protons in (162b) that undergo proton transfer to
lithiated (3).
Treatment of (fl)-carvone (162f) with racemic (3) gave a mixture
of

the diastereomeric

diastereomeric

1,2-adducts

cyclopropanes

(175) at -78 ° C and the

(176) and the double addition

product (177) as a single diastereoisomer at rt (Scheme 4.18). The
stereochemistry of (176) and (177) remains tenuous since N O E S Y
experiments only showed cross peaks between the protons on the
Cl methyl group and H 6 of (176) and (177). For (177), there was a
cross peak

between

diastereoselectivity

H 3 (8 2.42) and C T - C H 3 (8 1.18). The

in the case

of (176) was similar to that

obtained when (R)-(3) ([a] D 2 7 -46° (c 0.5, acetone) was
Compound

employed.

(176) has been prepared as a single diastereoisomer

(determined by vapour phase chromatographic analysis) by Corey
and Chaykovsky

in 1965. 144 Unfortunately, the stereochemistry

was not discussed in their paper. The *H N M R data of this single
diastereoisomer [(neat) (60 M H z ) 8 4.70 (2H, s), 1.25-2.60 (10H, m ) ,
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1.68 (3H, s), 1.15 (3H, s), 0.8 (IH, m)] more closely match the iH
N M R spectral data of the major diastereoisomer (176a).
Scheme

4.18
(1621) + racemic (3)

THF

THF

-78 °C <

-78°Ctort

H2

Ph.

•C

TsN'
^

(175) (84%, d. r. = 54 : 46)

(176a)
(176a) +(176b), 4 2 %
(176a) : (176b) = 73: 27
+

+

Me

(176b)

(177) (25%, d. r. = >99:<1)
*NOE

4.3.5.

Racemic and Optically Active W-Tosyl-S-Butyl-S
Phenylsulfoximines

Treatment
sulfoximine

of lithiated

racemic

(157)

Af-tosyl-5-butyl-S-phenyl

(157) with the acyclic enones (162a) and (162c) at

-78 °C gave 1,4-adducts (178a) and (178c) in high diastereomeric
purity (d.r. = 98 : 2) (Scheme 4.19). The reaction of lithiated racemic
(157) with (162b) at -78 ° C gave a mixture of 1,2- and 1,4-
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adducts (178b) in 2 5 % and 5 6 % yield, respectively. The latter were
formed in high diastereomeric purity (d.r. = 96 : 4) while the
former were formed as diastereoisomeric mixture (d. r. = 1 : 1).
The relative stereochemistry

of (178a) was the same as that of

(55a) and (166) as determined by X-ray diffraction (Fig 4.7).

Figure 4.7. Single crystal X-ray structure of (178a).

Scheme

4.19

R

,A^

Rl-.

R2

r

Pr

TsN
(162)

(S)-(157)

THF
, -78 °C tort

THF
-78 °C „

R2

0 «; « H
R-

R

Ph---o
* *0
TsN
(178a) (68%, d.r. = 98:2)
(178b) (56%, d.r. = 9 8 :2)
(178c) (62%, d.r. = 96:4)

^

Y

3

Pr

(179a) (90%, d.r. = 99 :1 )
(179b) (58%, d.r. = 99:1)
(179c) (68%, d.r. = 96 : 4,
ee > 98 % )

a; R1 = R 2 == Ph
b; R1 = Me R 2 =:Ph
c; R1 = Ph, R 2 = Me

W h e n these reactions were performed at rt then the cyclopropanes
(179a)-(179c) could be isolated in high diastereomeric purities
(d.r. = 99-96 : 1-4). Optically active (17 9a) and (179c) were
obtained from the reaction of lithiated (5)-(157) with (162a) and
(171c), respectively. The
determined to be 9 8 % from

enantiomeric purity of (179c) was
2

H NMR

studies using the chiral shift

reagent europium tris[3-(heptafluoropropylhydroxymethylene)-(+)camphorate]. This study showed well resolved doublet resonances
for the C2-CH 3 in racemic (179c) (upper spectrum). While only one
doublet resonance could be seen in optically active (179c) (lower
spectrum) (Fig 4.8). The enantiomeric purity of (179a) could not be
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determined in this manner since separation of the *H N M R

peaks

due to the two enantiomers in racemic (179a) was not observed.
However the ee of (179a) was expected to be high based upon its
diastereomeric purity and the magnitude of its specific rotation
([ab 2 3 = 111-3°, (c 1.02, acetone)) when compared to that of (179c)
([a] D 23 = 76.5°, (c 1.5, acetone)).

1 .34

1.32

1.29

ppm

Figure 4.8. lH N M R (CDCI3) spectrum of racemic (upper) and
optically active (lower) (179c) in the presence of the chemical shift
agent europium tris[3-(heptafluoropropylhydroxymethylene)-(+)camphorate].
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4.4. Conclusion

We have shown that stabilized lithiated sulfoximines ((24) and
(169)) undergo highly diastereoselective Michael reactions with
acyclic enones under kinetically controlled conditions. At rt the
initially formed
displacement

anionic Michael adducts undergo intramolecular

of

the

sulfonimidoyl

group, with

stereochemistry

at the carbon bearing

cyclopropanes.

Lithiated

sulfoximines

inversion

of

the nucleofuge, to give
derived

from

5-alkyl

sulfoximines give mixtures of 1,2- and 1,4- adducts with enones
under kinetically controlled conditions.

However, at rt the 1,2-

adducts are in equilibrium with their corresponding 1,4-adducts.
The 1,4-adducts are formed in a highly diastereoselective manner
and are rapidly converted to diastereomerically pure cyclopropanes
in good to excellent yields. The absolute stereochemistry of the
Michael adducts has been unequivocally determined from single
crystal X-ray analysis and the stereochemical outcomes of all these
reactions are consistent with the general transition state A
4.8).

Optically

active

versions

of

these

cyclopropanes in high enantiomeric purities.

(Scheme

sulfoximines

give
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^3\

CHAPTER 5
Reaction of Lithiated Allyl Phenyl Sulfone
with Enones at Ambient
A

One-pot Annulation

Temperature:
Procedure

Chapter 5

5.1.

132

Introduction

In 1978, Kraus and coworker reported145 that the Michael addition
reactions of the anions of allylic sulfones (180) and (181), that
were generated at -78 ° C with n-butyllithium, provide high yields
of sulfone adducts with enones at -78 ° C to 0 °C. Treatment of the
lithiated allylic sulfones (180) or (181) with the acyclic enone, 3penten-2-one

(85) in T H F gave, after quenching at 0 ° C with acetic

acid in ether, the 1,4-a adducts (182a) and (182b),
W h e n the cyclic enone, 2-cyclohexenone

respectively.

(162e), was employed in

the above reactions then the 1,4-y adducts

( 1 8 3 a ) and ( 1 8 3 b ) ,

respectively, were obtained (Scheme 5.1 and Table 5.1).145

Scheme

5.1

1.THF, -78 °C
2. (85)
-78 °C to 0 °C

S0 2 Ph
(182a); R1 = H
(182b); R 1 = M e

Ph

_

(180); R1 = H
(181); R1 = Me
1. THF, -78 °C

S02Ph

2. (162e)
-78 °C to 0 °C
(183a); R 1 = H
(183b); R1 = Me
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Table 5.1.
Michael
addition
allyl sulfones to enones

adduct

R1

enone

lithiated

yield(%)
1,4-cc

1,4-Y

(182a)

H

(85)

58

0

(182b)

Me

(85)

74

0

(183a)

H

(162e)

0

82

(183b)

Me

(162e)

0

89

In 1981, Hirama reported146
phenyl

of

sulfones

cyclic enones

that the reactions of the lithiated allyl

(180), ( 1 8 4 ) and ( 1 8 5 ) with both acyclic and

[(59), (162e), (186) and (187)], in the presence of

hexamethylphosphoramide

(HMPA)

(2 equiv.) at -78 ° C , gave

exclusively the 1,4-a adducts (182c)-(182i) in good yield (Scheme
5.2 and Table 5.2).146

Scheme 5.2

R1
R2>

S0 2 Ph

R2
(180);R 1 =R 2 = H
(184);R1 = Me, R 2 = H
(185);R1 = H, R 2 = M e

1. n-BuLi
HMPA
THF, -78 °C
2. enone
-78 °C
3. AcOH
-78 °C

S0 2 Ph
(182c)-(182i)
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Table 5.2. 1,4-cc
allylic sulfones

sulfone

Addition

reactions

1,4-a adduct

enone

of

lithiated

yield (%)

0
(180)

(162e)

(182c)

89

(182d)

94

S02Ph

O.
(180)

\_y (186)

S02Ph
0

0
(180)

(59)

y

(182e)

70

S02Ph

71

(180)

(184)

(182g)

91

(184)

(182h)

79

(185)

76

In light of our success in preparing cyclopropanes (Chapter 4) from
allylic sulfoximines it was of interest to examine the reaction of
lithiated allyl sulfone with enones in the absence and presence of
HMPA

at rt. These reactions could in principle, also lead to the

formation of cyclopropanes, as shown in Scheme 5.3, if 1,4-a
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adducts could be obtained under kinetically or thermodynamically
controlled conditions.

Scheme 5.3

S02Ph

5.2. Preparation

of Allyl Phenyl

Sulfone (180)

Treatment of allyl phenyl sulfoxide (109) in acetonitrile with an
aqueous

solution of O x o n e ™

at rt for 24 h gave, following the

procedures described by Pyne, 147

allyl phenyl sulfone (180) in a

yield of 9 1 % (Scheme 5.4).

Scheme

5.4

SOPh

CH3CN, Oxone™/H20 ^ ^ « 0 2 P h
rt,24h

(109)

(180)91%
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5.3. The Reaction of Lithiated Allyl Phenyl Sulfone
(180) with Cyclic or Acyclic Enone in the Presence
of H M P A

Treatment of a solution of lithiated allyl phenyl sulfone (180) in
the presence of H M P A
cyclohexenone

(2 equiv.) with chalcone (162a) or 2-

(162e) at -78 °C for 3 min and then at rt for 1 h

gave, after purification by

column

chromatography, the

1,4-a

adducts (188a) and (188e), respectively, in which the double bond
had shifted into conjugation with the sulfone group. The double
bond had the (£)-geometry from N O E S Y

experiments that showed

cross peaks in the N O E S Y spectrum of (188a) between the vinyl
methyl protons (5 1.99, d, J = 7.2 Hz) and H3 (5 4.96, dd, J = 8.8, 5.6
Hz) and H 2 (5 3.92, dd, J = 18.0, 8.8 Hz) and between the vinyl
proton (5 7.18, q, J = 7.2 Hz) and the sulfonyl phenyl ortho

protons

(8 7.60, dt, J = 7.2, 1.2 Hz).
In the reaction of lithiated (180) and (162a), a new cyclization
product (189a) was also isolated in 2 6 % yield. None of the desired
cyclopropane products were obtained from the above reactions
(Scheme 5.5 and Table 5.3).
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5.5

o
R

-\
1 ^ \

+
R2

^
on Ph HMPA/THF
^
<J ^s^^S0 2 Ph
-78°Ctort, 1h
Li +

(162a);R1=R2 = Ph
(162e);R1+R2 = (CH 2 ) 3

O

(180)

NOE
Me
+

*H
S0 2 PhV

N0E

(188a); R1 = R 2 = Ph; 46%
(188e); R1+ R 2 = (CH2)3;75%

(189a), 26%

Table 5.3. The reaction of lithiated (180)
with ( 1 6 2 a ) and ( 1 6 2 e ) in the presence

of

HMPA
sulfone

enone

(180)

(162a)

product (%)
1,4-a
cyclic prod.
(188a) (46) (189a) (26)

(180) (162e) (188e) (75)

The stereochemistry of (189a) was established by a single crystal
X-ray structural analysis that showed the two phenyl substituents
had the thermodynamically

more stable 1,3-cis-stereochemical

Chapter 5
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and

these

two

substituents

adopted

a di-pseudo-

equatorial conformation in the cyclohexene ring of (189a) (Fig.
5.1).

Figure 5.1. Single crystal X-ray structure of (189a).

A mechanistic scheme for the formation of the cyclic compound
(189a) and Michael addition product (188a) is shown in Scheme
5.6.

Conjugate addition of (180) to the enone (162a) at -78 ° C

gives the 1,4-a

anionic adduct ( A ) 1 4 8 that upon warming to rt
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would be expected to be in equilibrium with the allylic sulfone
carbanion

(B) via an intermolecular proton transfer mechanisms.

Cyclization of (B f ) via ay-1,2 addition of the allylic sulfone anion to
the carbonyl group (path a, Scheme 5.6) gives the cyclohexenol
(189a). Meanwhile, an intramolecular proton transfer as shown in
path b of Scheme 5.6 would give enolate (C) that upon aqueous
work up would give (188a) with the (£)-geometry.

Scheme 5.6

S02Ph

(A)

S02Ph

(B)

(B-) S ° 2 P h

5.4. One-pot
Allyl

Annulation

Sulfone

of Acyclic

Enones

with

Lithiated

(180)

Treatment of the acyclic enones (162a) or (162c) with lithiated
allyl phenyl sulfone (180) in T H F initially, at -78 °C followed by
warming to rt and then stirring at rt for 12 h gave, after column
chromatography,

the

3-cyclohexen-l-ols

( 1 8 9 a ) or (189c),

respectively, as single diastereoisomers in 56 and 26 %

yields

respectively (Scheme 5.7). In the latter reaction a small amount (3
% ) of the isomeric allylic sulfone (190) was also isolated and the
major product (37 % ) was the (E)-vinyl sulfone (188c). The
geometry of the alkene group in (188c) was established by N O E S Y
experiment that showed a cross peak between H2a (8 3.28) and the
vinyl methyl (8 2.03) (Scheme 5.7). Treatment of (188c) with
lithium rerf-butoxide (1.2 equiv.) in T H F at rt for 12 h gave a 12 :
42 : 46 mixture of (189c), (190) and (188c), respectively, f r o m
which (189c), (190) and (188c) could be isolated in 7 %, 33 % and
43 % yields, respectively, after column chromatography on silica gel
(Scheme 5.7).

Scheme

5.7

o
<!!^s^S02Ph

THF

proton

-78°C to rt transfer

Li T
(162a); R1 = R 2 = Ph
lithiated (180)
1
2
(162c); R =Ph, R = M e

HO.. Ph

HO A R1

°

S02Ph
(B)

NOE

S02Ph
S02Ph
(189a)
1
2
R = R = Ph (56 % )
(189c)
+
(190), 3 %
2
Ri = Ph, R = Me (26 % )

X ?~^
PtC^l

Me 6

JL4JL
Me'Ws H

UO'Bu, THF

^HOh"
rt12hr

\
S0 2 Ph^/
(188c) (37%)
The

cyclic

Michael

products

(189c) +(190)+ (188c)

[(189c): (190): (188c) = 12 :42 : 46]

(189a) and (189c) arise from a tandem

reaction-intramolecular

aldol

squence

via the anionic

intermediate (B) (Scheme 5.6).
When the enone (162b) was treated with lithiated allyl phenyl
sulfone (180) for 1.5 h under the same conditions described above
then a mixture of the allyl and vinyl sulfones (180) and (191) and
the cyclization product (192) were isolated. None of the expected
3-cyclohexen-l-ol product was obtained. The structure of (192)
was determined by *H and
and M S

and H R M S

13

C N M R spectroscopy (Fig. 5.2 and 5.3)

analysis. The

13

C NMR

spectrum of (192)
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showed two carbonyl carbons (8 210.8 and 210.6), three CH carbons
(8 58.7, 41.1 and 41.0), two C H 2 carbons (8 44.2 and 42.9) and one
C H 3 carbon (8 31.9). M S showed only two strong ions at m/z 293 (M
+ H+, 100%), and 146 (Ci 0 Hi 2 O+, 50). The iH N M R spectrum of (192)
showed the 4-acetyl group (8 1.63, s, 3H) and resonances for 7
different methine protons. The latter 7 resonances indicated that
(192) was

not symmetric

stereochemistry.

This

but had

same

the relative 3 a , 4|3, 5(3

compound

was

literature in 1980. 149 The reported !H N M R

reported

in

the

spectral values for

(192) matched very closely to those of (192) isolated from this
study. The failure of this reaction to provide a 3-cyclohexen-l-ol
product was thought to be due to the acidic methyl protons in
(162b) that undergo proton transfer to lithiated sulfone (180) to
give (180) and (191) and the enolate of (162b). Condensation of
this enolate with (162b), via a double Michael reaction, would give
(192) (Scheme 5.8).
Scheme

5.8
o

S0 2 Ph

Me
Lj

+

THF

proton

-78°Ctort transfer

Ph
(162b)
O

lithiated (180)
^^S0

2

Ph

+

/^S02Ph

CH 2
Ph (180) (191)
(162b)
^

Ph
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Ph

o
Me

A
(192)

'J

(H20

WJJLA

-J

- i — ' — • • — ' — - i — r

1

ppm

20.96

112 18
5.14 26.78

37 16 24 7J

Figure 5.2. IH N M R (CDC13) spectrum of (192)

¥
k

'L

-/"Al
200

130

160

140

120

Al
1
A

100

SO

60

Figure 5.3. 13C N M R (CDCb) spectrum of (192)

40

20

0
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5.5. One-pot Annulation of Cyclic Enones with Lithiated
Allyl

Sulfone

(180)

Treatment of 2-cyclohexenone (162e) with lithiated allyl phenyl
sulfone (180) (1 equiv.) in T H F initially at -78 °C followed by
warming to rt and then stirring at rt for 1 h gave, after column
chromatography,
yield. A

the

bicyclo[2.2.2]octan-2-one

(193a) in 49 %

significant amount (26 % ) of the 1,4-a adduct (182c)

between (162e) and (180) was also isolated. None of the desired
cyclopropane was obtained, although this compound may not have
been isolated because of its volatility.
The structure of (193a) was secured by a single crystal X-ray
structural analysis of its 3,5-dinitrobenzoate ester (195) (Fig. 5.4)
that was prepared from (193a) by a stereoselective reduction of
(193a) with sodium borohydride followed by acylation of the
resulting alcohol (194) with 3,5-dinitrobenzoyl chloride. The high
diastereoselectivity in the reduction of (193a) is thought to be due
to the enrfo-phenylsulfonylmethyl group that shields the endo-face
of the C-2 carbonyl group to attack by hydride (Scheme 5.9).
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5.9

^SG2Ph

X

S^

1.THF,78°C

Q

Li+ ^^ 2. rt, 1h
(180)

(162e)

S02Ph

S0 2 Ph
(193a), 4 9 %

3,5-(N02)2C6H3COCI

(182c), 2 6 %

^ -"V

pyridine, CH 2 CI 2
^.3,5-(N02)2C6H3COO
S0 2-UCOO
Ph

^SQ2ph

(195), 9 5 %

Figure 5.4. Single crystal X-ray structure of (195).
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A search of the literature revealed that, in 1983, Vasil'eva and
coworkers 1 5 0

found that treatment of allyl phenyl sulfone (180)

with potassium

f-butoxide in r-butyl alcohol and then with 2-

cyclopentenone

(162d) in T H F resulted in formation of the 1,4-7

adduct (196) and the bicyclo[2.2.1]heptanone (197). The adduct
(196) on further treatment with potassium f-butoxide in T H F was
also converted into the bicyclic product (197) (Scheme 5.10).

Scheme 5.10

S0 2 Ph
f-BuOK
THF

(196)
S02

ph

1. f-BuOK, (CH3)3COH
2. (162d)

(180)
S0 2 Ph
(197)

In 1989, Haynes

and coworker 1 *i

reported that the conjugate

addition of lithiated 3-methyl-but-2-enyl

phenyl sulfoxide (198)

to 2-cyclopenten-l-one (162d) gave the vinylic sulfoxide (199) as
an 80 : 20 mixture of diastereoisomers in 8 5 % yield. Treatment of
the

mixture with potassium r-butoxide (1 equiv.) in T H F at rt for

72 h gave the bicyclo[2.2.1]hePtanone (200) in 6 2 % yield as an 80 :
20 mixture of diastereoisomers (Scheme 5.11).
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5.11

SOPh

1-LDA, THF
2. (162d)

SOPh

(198)
(199), 8 5 % (d.r. = 80:20)

O

Yh^

f-BuOK, T H F

SOPh

rt, 72 h

(200), 6 2 % (d. r. = 80 : 20)

Haynes

and

enyldiphenyl
with

coworkers151
phosphine

2-cyclopentenone

also reported that lithiated

oxide

( 2 0 1 ) underwent

90%

the crystalline

conjugate

addition

( 1 6 2 d ) to give solely the syn product ( 2 0 2 )

in 8 0 % yield. Treatment of ( 2 0 2 ) under
gave

(£)-but-2-

the foregoing

bicyclo[2.2.1]heptanone

conditions

( 2 0 3 ) in greater than

yield as a single diastereoisomer. T h e relative

stereochemistry

of (203) w a s established b y N O E experiments ( S c h e m e 5.12).

Scheme

5.12

.POPh 2

1-LDA, THF
POPh2

2. (162d)
(201)
Me
(202) 8 0 %
f-BuOK, THF
rt, 72 h
POPh2
(203) > 9 0 %
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In these previously reported studies, the stereochemistry of the
bicyclic products
further

(197) and (200) had not been elucidated. T o

investigate

our

one-pot

cyclization

method

and

the

stereochemistry of the bicyclic products, the reactions of lithiated
allyl phenyl sulfone with other cyclic enones were examined.

Our one-pot procedure was found to be useful for the synthesis of
the bicyclo[2.2.1]heptanone
allyl

phenyl

sulfone

(193b) from the reaction of lithiated

(180)

with

2-cyclopentenone

(162d).

Treatment of (162d) with lithiated (180) in T H F initially at -78 ° C
followed by warming to rt and then stirring at rt for 1 h gave, after
column
43 %

chromatography, the bicyclo[2.2.1]heptan-2-one
yield. A

(193b) in

small amount of the 1,4-a adduct (182j)

(162d) and (180) was formed from
reaction mixture. This

]

H NMR

]

H NMR

between

analysis of the crude

spectrum showed resonance for the

vinyl protons of (182j) at 8 5.74 (IH, ddd, J = 17.1, 10.2, 9.0 H z
H2'), 5.28 (IH, dd, J = 10.2, 0.9 Hz, H3'a) and 4.96 (IH, d, J = 17.1 Hz,
H3'b). The 5 - C H proton was observed as a doublet and doublets at 8
3.57 (J = 10.5, 7.2 Hz) (Scheme 5.13).
Scheme

5.13

o m
j]
(I62d)

-+
Li+
lithiated (180)

-78 °C tort
1h

[^
(193b)

S0 2 Ph
^
no
43%(d. r. =>98:<2)

So2Ph

..
(182j)
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A mechanistic scheme for the formation of the bicyclic compounds
(193a) and (193b) is shown in Scheme 5.14.

Conjugate addition of

(180) to the cyclic enones (162d) and (162e) at -78 °C gives the
1,4-y anionic adduct (204) 1 4 8 that upon warming to rt would be
expected to be in equilibrium with its isomeric enolate (205) via
intermolecular proton transfer mechanisms. Cyclization of (205)
would give (206) that upon intermolecular/intramolecular proton
transfer and
observed
shown

finally protonation upon work-up

bicyclic products. The

in (2 05)

may

would

possible chelated

be responsible

intermediate

for the high

stereochemical control in the cyclization step.
Scheme

5.14

^\^S02Ph

THF

Li"

-78°C

(180)

O Li
rt
>.,.^^S°2Ph

*„^^S0 2 Ph

(193a),
or
(193b)

proton transfer

\yx^

(206)

(205)

give the

level of
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Under the same conditions, the reaction of lithiated (180) with
racemic

4-trityloxy-2-cyclopentenone

( 1 6 2 g ) 1 5 2 gave a mixture

(86 : 14) of diastereoisomers of the bicyclic compound (193c) in
4 6 % yield. The stereochemistry of the major diastereoisomer is that
shown in Scheme 5.15 from N O E S Y experiments, that showed a
cross peak between H 6 (5 2.61) and H 7 (5 4.02). The formation of
(193c) is surprising since a competing p-elimination

of the

trityloxy group might have been expected to have been more likely
(from intermediate (205) in Scheme 5.14) than the second Michael
cyclization reaction.

Scheme 5.15

^v^S02Ph
+

Li
Ph 3 CO
(162g)

THF
-78 ° C to rt
1h

lithiated (180)

(205)

The reaction of ( 1 8 0 ) and (/?)-(-)-carvone

(162f) gave the

bicyclo[2.2.2]octan-2-one derivative (193d) in low yield (30 % ) as a
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81 : 19 mixture of diastereoisomers and the Michael adduct (207)
in 2 2 % yield. A mixture of Michael addition products, the 1,4-a
adduct (182k) and the 1,4-y adduct (183c), were also isolated in
2 0 % yield from this reaction. The separation of (182k) from (183c)
by column chromatography was difficult and only a small sample of
pure (183c) could be isolated from this mixture. The

]

H

NMR

spectrum of the mixture showed the vinyl protons of (182k) at 8
6.02 (IH, ddd, J = 17.1, 10.5, 10.2 H z H2'), 5.40 (IH, dd, J = 10.2, 1.2
Hz, H3'a) and 4.92 (IH, d, J = 17.1 Hz, H3'b). The 5-CH proton was
observed as a doublet and doublets at 5 3.59 (J = 10.5, 4.6 Hz).
The stereochemistry of the major diastereoisomer of (193d) is
shown in Scheme 5.16 from N O E S Y experiments that showed strong
cross-peaks between the protons of the C3 methyl group (8 1.08, d,
J = 7.5 Hz) and those of the vinyl methyl group (5 1.68) and
between the H 6
structure

proton (5 2.73) and H 7 (8 2.59) indicated in

(193 d).

diastereoisomer

of

The

stereochemistry

of

the

major

( 1 9 3 d ) is that expected from addition of

lithiated (180) to the face of the enone that is anti to the p'-2propenyl substituent (Scheme 5.16).
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Scheme

5.16

>- Me

NOE

NOE O,

^X/S°2Ph
Li +

S02Ph
(193d), 3 0 % (dr. = 81 :19)

THF

-78 °C to rt
12h

(207), 22 % (72 : 28)

O
S0 2 Ph

111 srvPh

(162f)

(183c)

(182k)

~Y—
20%

5.6.

Reaction
with

of

4-Trityloxy-2-cyclopentenone

Sulfoximine

(24)

Treatment of lithiated racemic jV-tosyl-S-allyl-S-phenylsulfoximine
(24) with racemic 4-trityloxy-2-cyclopentenone (162g) at -78 °C
gave, surprisingly, the 1,4-y adducts (208) in 96% yield (d. r. = 1 :
1). The reaction of lithiated racemic (24) with (162g) at rt for 1 h
gave the bicyclic product (209) in 3 3 % yield (d. r. = 83 : 17)
(Scheme 5.17). No cyclopropanation product was obtained from this
reaction.
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Scheme

5.17

Li

Ph—-

-78°C

V^O

Ph3CO
(162g)

THF

TsN
lithiated (24)

Ph3COx 3
1' 3'
(208) 9 6 % (d. r. = 1 :1)

THF
-78 °C tort

Ph,CO 7 H

Ph
NTs
(209) 3 3 % (d. r. = 83:17)

This is the first 1,4-y adduct observed from the reaction of lithiated
(24) and enones. W e suspect that the regiochemistry of this
reaction is controlled by the sterically bulky 4-trityloxy substituted
on (162g). B y analogy

with

the k n o w n

chemistry

of allylic

sulfoxides from Haynes et a/.,1"-156 w e assumed that 1,4-y addition
of allylic sulfoximine (24) to 4-trityloxy-2-cyclopentenone
occurred

(162g)

via the trans-fused chair-chair transition state (210)

(Scheme 5.18).
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5.18

Lithiated (24) + ( 1 6 2 g ) — Ph3CO'
OCPh3<
(208)
(210)

However the reasons for the 1,4-y product, rather than the 1,4-a
adduct are not clear. Based upon Haynes's work and C O S Y

NMR

experiments, we assign the C3, C4 anti stereochemistry to both
diastereoisomers of (208) from C O S Y

experiments. In the C O S Y

spectrum of the mixture of diastereoisomers of (208), no cross
peaks

were

observed

diastereoisomers. This

between
experiment

H3

and

showed

that

H4

in

there

either
was

no

coupling between H3 and H 4 (J3>4 = 0 Hz) and therefore the dihedral
angle between these protons must be 90°, thus indicating the anti
relative

stereochemistry

of

both

diastereoisomers.111 Thus

the

diastereoisomers of (208) differ in their relative stereochemistry
at sulfur.
The diastereoisomers of bicyclic (209) could be separated using
preparative H P L C . Figure 5.5 shows the

]

H NMR

spectrum of the

major diastereoisomer of (209) and its C O S Y spectrum which were
used to assign the bicyclic structure.
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Figure 5.5. lU N M R spectrum (CDCI3) of the major diastereoisomer
of (209) (upper) and its COSY spectrum (lower spectrum) (*
impurities from hexane)
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5.7. Conclusion

In conclusion, we have developed a one-pot method of converting
five

and

six

membered

cyclic

enones

to

their

respective

bicyclo[2.2.1]heptanones and bicyclo[2.2.2]octanones, respectively,
and acyclic enones to 3-cyclohexen-l-ols. This one-pot method
gives comparable yields to the previously reported methods 153 " 161
that required two sequential steps and is much more convenient in
terms of shorter reaction times.
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CHAPTER 6

EXPERIMENTAL
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General Procedures

Melting Points (m.p.): Melting points were determined on a
Reichert hot stage apparatus and are uncorrected.

*H Nuclear Magnetic Resonance (NMR) Spectra: !H NMR
spectra were recorded on a Varian Unity 400 Fourier Transform
NMR

Spectrometer operating at 400 M H z , and Varian Unity 300

Fourier Transform N M R

Spectrometer operating at 300 M H z . The

spectra were measured

in deuterated chloroform (CDCI3) unless

otherwise stated, relative to tetramethylsilane ( T M S ) (0.00 ppm).
Chemical shifts are reported as 8 values in parts per million (ppm)
from tetramethylsilane. Data are recorded as follow: chemical shift
(d), integrated intensity, multiplicity (s: singlet, d: doublet, t: triplet,
q: quartet, m : multiplet, dd: doublet of doublets, etc. br: indicates
some degrees of broadening in the signal), coupling constant(s) (Hz),
and assignment.
Chemical shifts are reported to three significant figures except
where this is insufficient to distinguish peak sets within a molecule
or between diastereoisomers. In such cases the chemical shifts are
reported to four significiant figures.
T w o dimensional N M R

experiments were carried out using the

following instruments: Varian Unity 400 Fourier Transform

NMR

Spectrometer

NMR

Spectrometer.

and
The

Varian
pulse

Unity

300

sequences

Fourier Transform
used

were

homonuclear

(1H/1H) correlation spectroscopy ( C O S Y ) and nuclear Overhauser
effect spectroscopy (NOESY).
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13C Nuclear Magnetic Resonance (NMR) Spectra:

13

C NMR

spectra were recorded on a Varian Unity 400 Fourier Transform
NMR

Spectrometer (100 M H z ) and a Varian Unity 300 Fourier

Transform

NMR

Spectrometer

(75

M H z ) . The

spectra

were

measured in deuterated chloroform (CDCI3) unless otherwise stated.
The internal reference for

13

C N M R spectra was the central peak of

C D C I 3 (8 77.0 ppm). Distortionless enhancement by polarisation
transfer (DEPT) was used in the assignment of carbon spectra.

Mass Spectra (MS): Low resolution mass spectra were recorded
on

a Vacuum

Generator

VG

Quattro triple quadrupole

mass

spectrometer. Data are presented in the following order: m/z value,
fragmented ion and relative intensity as a percentage of the base
peak. High resolution mass spectra were recorded on a Vacuum
General Micromass 7070F magnetic sector mass spectrometer by
University of Wollongong, Chemistry Department at Wollongong and
the Australian National University, Services Unit, Canberra.

Microanalysis (Anal): Microanalysis were performed by the
Australian National University, Services Unit, Canberra or the
Queensland University, Chemistry Department, Queensland.

Optical rotations (lain): Optical rotations were recorded with a
JASCO, DIP-370 Digital Polarimeter in analytical reagent (AR) grade
solvents. Specific

rotations ([a] D ) are reported in degrees per

decimeter, with the concentration (c) given in grams per 100 m L in
the specified solvent.
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Single crystal X-ray
were determined

structure

at the

analysis: X-ray

University

of Western

structures
Australia

by

Professor Allan White and Dr. Brian Skelton.
Analytical thin layer chromatography (TLC): Analytical thin
layer chromatography was conducted on plastic sheets coated with
Merck Kieselgel 60 F254 at a 0.2 m m

thickness. Preparative layer

chromatography was conducted on glass plates coated with Merck
Kieselgel 60 F254 at a 1.0 m m thickness. The developed plates were
visualised under shortwave ultraviolet light.
Column Chromatography: The chromatography adsorbent
used was Fluka Kiesselgel 60 (0.063-0.2 m m ) unless otherwise
indicated.
High Performance Liquid Chromatography (HPLC): The
High performance liquid chromatography was carried out using a
Waters p u m p model 510 and a Waters u Porasil column, (particle
size 10 n m , pore size 125 A, dimensions 25 m m

x 100 m m ) . The

U.V. detector was a Waters series 450 variable wavelength detector
operating at 254 nm.
Solvents and Reagents: Solvents and reagents used in these
reactions were purified according to well established procedures.
Tetrahydrofuran (THF) was dried over sodium metal and purified
by distillation from a purple suspension of sodium/benzophenone
ketyl under nitrogen. D C M
hydride and

( C H 2 C 1 2 ) was distilled from calcium

stored over molecular sieves (4A) under nitrogen.

Methanol was purified by distillation from magnesium methoxide.

Chapter 6

161

(S)-( + )-S-Methyl-S-phenylsulfoximine

(1)4,5,32

A boiling solution of (+)-10-camphorsulfonic acid (2) (18g, 0.077
mol) in dry acetone (114 ml) was carefully added to a boiling
solution of racemic (1) (11.82g, 0.077 mol) in dry acetone (226 m L ) .
This mixture was concentrated to a volume of 300 m L and allowed
to cool slowly to recrystallize for 24 h at rt. The crystals were
filtered and washed

with acetone and then diethyl ether. The

crystals were dissolved in water and the solution was made slightly
alkaline with 2 0 % sodium hydroxide solution. Optically active (1)
was extracted from the aqueous solution with D C M (2 x 30 m L ) . The
solution was dried (MgS04) and evaporated to yield 5.39 g (46%) of
(5)-(+)-(l) as a colourless oil. [ a ] D 2 5 = + 35.6 (c, 1.3, acetone) (lit.5,
108 [ a ] D 25= + 36.5 (c, 1.2, acetone).
!H NMR (300 MHz) 8 8.04-8.03 (2H, m, 2 x Ar-H), 7.62-7.51 (3H,
m, 3 x Ar-H), 5.30 (IH, s, N H ) 3.12 (3H, s, C H 3 ) .

Racemic or (S)- N-tosy\-S -methyl-S-phenylsulfoximine
(3) 1 *

To a solution of racemic or (S)- S-methyl-S-phenylsulfoximine (1)
(2.36 g, 15 mmol) in pyridine (10 m L ) was added p-toluenesulfonyl
chloride

(2.9 g, 15 mmol) at 0 °C. The reaction was warmed to rt

and stirred for 1 h. This reaction was diluted with D C M (20 m L ) and
the solution was washed with water (2 x 30 m L ) , 1 0 % aqueous
solution HC1 (2 x 10 m L ) and water (20 m L ) . The organic layer was
dried

( M g S 0 4 ) and evaporated in vacuo. Recrystallization from

ethanol gave the title compound (4.47 g, 9 5 % ) .

m.p. 106-108 oC (lit.16 107-109 <>C);
IH N M R (400 M H z ) 8 8.03-8.00 (2H, m, 2 x Ar-H), 7.87-7.85 (2H,
m, 2 x Ar-H), 7.72-7.69 (IH, m, Ar-H), 7.63-7.59 (2H, m, 2 x Ar-H),
7.27-7.25 (2H, m, 2 x Ar-H), 3.43 (3H, s, CH 3 ), 2.40 (3H, s, Ts-CHV).

A^,5-Dimethyl-S-phenyIsulfoximine (5)12>108

A mixture of S-methyl-S-phenyl-sulfoximine (2.5 g, 16 mmol),
formaldehyde (25 m L , 4 0 % in water) and formic acid (125 m L , 98%)
was refluxed for 18 h. The cold mixture was neutralised with
N a 2 C 0 3 and extracted with D C M (2 x 30 mL). The D C M layer was
dried

( M g S 0 4 ) and evaporated to give the title compound as a a

pale yellow oil (3.9 g, 89%).
IH N M R

8 (300 M H z ) 8 7.92-7.89 (2H, m, 2 x Ar-H), 7.63-7.56

(3H, m, 3 x Ar-H), 3.08 (3H, s, N-CH 3 ), 2.66 (3H, s, S-CH3).

Synthesis of Allylic Sulfoximines

Racemic

iV-Tosyl-S-allyl-S-phenylsulfoximine

(24)50

To a solution of racemic S-allyl-S-phenylsulfoximine (22)50 (3.2 g,
17.7 mmol) and pyridine (1.72 m L , 21.2 mmol) in D C M (7 m L ) was
added p-toluenesulfonyl chloride (4.05 g, 21.2 mmol) at 0 °C. The
reaction was warmed to rt and stirred for 1 h. The reaction was
diluted with D C M (20 m L ) and the solution was washed with water
(2 x 30 m L ) , 1 0 % aqueous HC1 (2 x 10 m L ) and water (20 mL). The
organic layer was dried ( M g S 0 4 ) and evaporated and the crude
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product was recrystallized from ethyl acetate/hexane to give
racemic N-tolyl-S-allyl-S-phenylsulfoximine (24) (4.75 g, 81%).
m.p. 82-83 °C;
iH N M R (400 M H z ) 8 7.94-7.91 (2H, m, 2 x Ar-H), 7.88-7.86 (2H,
m, 2 x Ar-H), 7.71-7.66 (IH, m, Ar-H), 7.60-7.57 (2H, m, 2 x Ar-H),
7.27-7.25 (2H, m, 2 x Ar-H), 5.75 (IH, dddd, J = 17.2, 10.0, 3.6, 3.2
Hz, C H = C H 2 ) , 5.36 (IH, dd, J = 10.4, 0.8 Hz, CH=CHaHb), 5.13 (IH, dd,
J = 17.2, 1.2 Hz, C H = C H a H b ) , 4.34-4.23 (2H, m, S-CH.2), 2.40 (3H, s,
Ts-CH3).

(S)-( + )-iV-Tosyl-S-allyl-S-phenylsulfoximine (24) and (S)( + )-Tosyl-S-phenyl-S-(l-propenyl)sulfoximine

(161)

To a solution of (5')-(+)-Ar-tosyl-5-methyl-5-phenylsulfoximine (3)
(0.72g, 2.33 mmol) in anhydrous T H F (11 m L ) was added «-BuLi
(2.6 m L , 2.6 mmol, 1 M in hexane) at - 78 °C and the reaction was
stirred for 40 min. Acetaldehyde ( 0.17mL, 0.133g, 3.03 mmol) was
added at -78 °C and stirring was continued for a further 30 min. A
saturated solution of aqueous NH4CI (0.5 m L ) was added at -78 °C
then water (20 m L ) and the mixture was extracted with D C M (2 x
30 mL). The combined extracts were dried (MgS0 4 ) and evaporated
and the crude product was purified by column chromatography on
silica gel. Elution

with

25%

ethyl acetate/hexane

gave

the

corresponding (3-hydroxyl sulfoximine (556 mg, 68%). This product
(556 mg, 1.57 mmol) was dissolved in D C M

(10 m L ) and the

solution was cooled to 0 °C and treated with triethylamine (1.09
m L , 7.85 mmol) and then methanesulfonyl chloride (0.36 m L , 4.71
mmol). The reaction was stirred for 3 hr at 0 °C and was then
treated with D B U

(1.4 m L , 9.42 mmol) at the same temperature.
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After 5 min, the reaction was warmed to rt and stirred overnight.
Diethyl ether (100 m L ) was then added and the solution was
washed with water (30 m L ) , an aqueous solution of saturated NH4CI
(30 m L ) and a solution of 1 0 % N a 2 C 0 3 (30 m L ) . The diethyl ether
layer was dried ( M g S 0 4 ) and evaporated and the crude products
were purified by column chromatography on silica gel. Elution with
25%

ethyl acetate/hexane gave a mixture of (S)-(24) and vinyl

sulfoximine (5)-(161) (390 m g ) in a total yield of 74%.
The lH N M R signals of (5)-(24), from the iH N M R spectrum of the
mixture of (24) and (161), were identical to those of racemic (24)
described above.
(161):
*H N M R (400 M H z ) 8 7.96-7.93 (2H, m, 2 x Ar-H), 7.85-7.83 (2H,
m, 2 x Ar-H), 7.67-7.63 (IH, m, Ar-H), 7.58-7.53 (2H, m, 2 x Ar-H),
7.26-7.24 (2H, 2 x Ar-H2.6). 6.99 (IH, dq, J = 14.8, 6.8 Hz, H I ) , 6.45
(IH, dq, J = 14.8, 1.6 Hz, H 2 ) , 2.39 (3H, s, Ts-CH^, 1.95 (3H, dd, J =
6.8, 1.6 Hz, 3 x H 3 ) :

Chapter 2

(4fl*,5/c*,SS*)-4-Methyl-5-(/V-tosyl-Sphenylsulfonimidoyl)-6-hepten-2-one

(86)

To a solution of AT-tosyl-5-methyl-5-phenylsulfoximine (24) (335
mg, 1 mmol) in anhydrous T H F (3 m L ) at -78 <>C under N 2 was
added n-BuLi (1.2 mmol, in hexane). The reaction was stirred for 40
min and then 3-penten-2-one (85) (100 mg, 1.2 mmol) was added
at -78 °C. The reaction mixture was stirred for 3 min and then
quenched by the addition of a saturated solution of aqueous N H 4 C I
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(0.2 mL) at -78 °C. Water (15 mL) was added and the mixture w
extracted with D C M (2 x 20 mL). The combined extracts were dried
( M g S 0 4 ) and evaporated and the crude product was purified by
column chromatography
acetate/hexane

gave

on silica gel. Elution with 2 0 % ethyl

the

title product

(8 6) as a mixture of

diastereoisomers and as a colourless solid (301 mg, 71%, d. r. = 85 :
15).

Diastereomerically

pure

(8 6)

could

be

isolated by

recrystallization from ethyl acetate/hexane. The single crystal Xray structure of (86) is shown in Fig. 2.1.
m.p. 128-130 °C;
IH N M R (400 M H z ) (major) 8 7.90-7.86 (2H, m, S-Ar-H2,6), 7.81
(2H, dt, J = 8.4, 1.6 Hz, Ts-H2.6). 7.67 (IH, tt, J = 7.2, 1.6 Hz, S-ArH4), 7.56 (2H, tt, J = 7.2, 1.6 Hz, S-Ar-H3J.), 7.22 (2H, dd, J = 8.4, 1.6
Hz, Ts-H3.5). 5.61 (IH, ddd, J = 17.2, 10.0, 6.8 Hz, H6), 5.34 (IH, dd, J
= 10.0, 0.8 Hz, H7a), 4.91 (IH, d, J = 17.2 Hz, H7b), 3.64 (IH, dd, J =
10.0, 2.8 Hz, HI), 3.27 (IH, m, H4), 2.95 (IH, dd, J = 16.8, 2.4 Hz,
H3b), 2.38 (3H, s, TS-CH3), 2.17 (dd, J = 16.4, 10.8 Hz, H3a), 1.97 (3H,
s, CO-CH3), 0.94 (3H, d, J= 7.2 Hz, C4-CH1); (minor) (in part) 5.81 (IH,
ddd, J = 17.2, 10.0, 6.8 Hz, H6), 4.94 (IH, d, J = 17.2 Hz, H7b), 2.39
(3H, s, Ts-CH2);
13C N M R

(100 M H z ) 8 207.0 (C2), 142.6 (Ar-C), 141.1 (Ar-C),

136.6 (Ar-C), 134.2 (Ar-CH), 129.2 (2 x Ar-CH), 129.14 (2 x Ar-CH),
129.1 (2 x Ar-CH), 127.7 (C7), 126.6 (2 x Ar-CH), 124.4 (C6), 75.3
(C5), 45.2 (C3), 30.9 (CO-CH3), 28.1 (C4), 21.5 (Ts-CH3), 18.7 (C4CH3);
M S (ES + ve) m/z 420 (M+H+, 15%), 338 (40), 250 (50), 125 (100);
Anal, calcd for C 2 1 H 2 5 N 0 4 S 2 : C, 60.12; H, 6.01; N, 3.34. Found: C,
59.93; H, 6.15; N, 2.97%.
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(2/?*,4/c*,5/c*,SS*)-4-Methyl-5-(/V-tosyl-S-phenylsulfonimidoyl)-6-heptene-2-ol

(87a)

and

(87a')

A solution of (86) (210 mg, 0.5 mmol) in THF/DCM (5 mL, 1 : 1
-78 °C under N 2

was treated with diisobutylaluminium hydride

(DIBAL-H) (1.25 mmol, in toluene) at -78 °C for 2 h. The reaction
was quenched by the addition of a 10% aqueous solution of HC1 (0.1
mL) at -78 °C. The THF was removed in vacuo and then water (15
mL) was added and the mixture was extracted with D C M

(2 x 20

mL). The combined extracts were dried (MgS0 4 ) and evaporated
and the crude products were purified by column chromatography
on silica gel using 3 5 % ethyl acetate/hexane as eluent. The title
compound (87) was obtained as a colourless solid (183 mg, 87%, d.
r

=

93

:

7)

and

Diastereochemically

as
pure

a

mixture
(87a)

of
could

diastereoisomers.
be

isolated

by

recrystallization from ethyl acetate/hexane.
m.p. 132-133 °C;
iH N M R

(400 M H z ) (87a) 8 7.89-7.86 (4H, m, S-Ar-H3J. + Ts-

H2.6). 7.64 (IH, tt, J = 7.6, 1.6 Hz, S-Ar-Hl), 7.54 (2H, tt, J = 7.6, 1.6
Hz, S-Ar-H2J>), 7.25 (2H, dd, J = 7.6, 0.8 Hz, Ts-HUL), 5.66 (IH, ddd,
J = 17.2, 10.4, 10.0 Hz, H6), 5.32 (IH, dd, J = 10.0, 1.2 Hz, H7a), 4.87
(IH, dd, J = 17.2, 0.8 Hz, H7b), 3.70 (IH, m, H2), 3.62 (IH, dd, J =
10.4, 3.2 Hz, H5), 3.11 (IH, m, H4), 2.38 (3H, s, Ts-CFLO, 1-82 (IH,
ddd, J = 11.2, 3.2, 2.4 Hz, H3a), 1.17 (IH, ddd, J = H-2, 2.8, 2.4 Hz,
H3b), 1. 08 (3H, d, J = 6.0 Hz, C2-CH3), 0.94 (3H, d, J = 6.8 Hz, C4CrLO; (87a') (in part) 4.81 (IH, d, J = 16.8 Hz, H7a), 3.56 (IH, dd, J =
10.4, 2.4 Hz, H5), 2.36 (3H, s, TS-CH3J;
13C N M R

(100 M H z ) (87a) 8 142.7 (Ar-C), 141.1 (Ar-C), 137.0

(Ar-C), 134.0 (Ar-CH), 129.2 (2 x Ar-CH), 129.1 (4 x Ar-CH), 127.3

Chapter 6

167

(C7), 126.7 (2 x Ar-CH), 124.6 (C6), 76.6 (C5), 65.0 (C2), 40.5 (C3)
28.6 (C4), 24.6 (C2-CH3), 21.4 (Ts-CH3), 18.2 (C4-CH3);
M S (ES + ve) m/z 444 (M+Na+, 70%), 422 (M+H+, 35), 297 (100),
125 (30);
Anal, calcd for C 2 iH 2 7 N0 4 S 2 : C, 59.83; H, 6.46; N, 3.32. Found: C,
59.82; H, 6.55; N, 3.22%.

(lfl*,32?*,4/c*,SS*)-l,3-Diphenyl-4-(AMosyl-S-phenylsulfonimidoyl)-5-hexene-l-ol

(87b)

and

(87b')

Using the general procedure described above for the synthesis of
(87a), reduction of (5 5a)

(330 mg, 0.6 mmol) gave the title

compound as a colourless solid (262 mg, 79%) after purification by
column chromatography on silica gel (30% ethyl acetate/hexane).
The ratio of (87b) and (87b') was 93 : 7. Attempted measurement
of the m.p. of (87b) was unsuccessful since it decomposed in the
temperature range of 160-170 °C.
IH N M R (400 M H z ) (87b) 8 7.95-7.92 (4H, m, S-Ar-H3.5_ + TsH2.6). 7.65 (IH, tt, J = 7.2, 1.2 Hz, Ar-H), 7.54 (2H, tt, J =8.0, 1.6 Hz, 2
x Ar-H), 7.35-7.19 (10H, m, 10 x Ar-H), 7.10 (2H, dd, J = 8.4, 1.6 Hz,
2 x Ar-H), 5.81 (IH, ddd, J = 17.2, 10.4, 10.2 Hz, H5), 5.32 (IH, dd, J
= 10.4, 0.8 Hz, H6a), 4.75 (IH, d, J = 16.8 Hz, H6b), 4.45 (IH, dt, J =
12.8, 2.4 Hz, H 3 ) , 4.18 (IH, ddd, J = 10.8, 6.0, 2.0 Hz, H i ) , 3.89 (IH,
dd, J = 10.2, 3.2 Hz, H4), 2.40 (3H, s, Ts-CH 3 ), 2.30 (IH, ddd, J = 14.0,
11.2, 3.2 Hz, H2a), 2.00 (IH, ddd, J = 14.4, 11.2, 2.4 Hz, H2b), 1.64
(IH, d, J = 6.0 Hz, O H ) ; (87b') (in part) 5.39 (IH, d, J=10.0 Hz, H6a),
4.81 (IH, d, J = 16.8 Hz, H6b), 2.38 (3H, s, Ts-CILO;
» C N M R (100 M H z ) (87b) 8 145.8 (Ar-C), 142.6 (Ar-C), 141.2
(Ar-C), 139.9 (Ar-C), 136.7 (Ar-C), 134.1(Ar-CH), 129.3 (2 x Ar-CH),
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129.2 (2 x Ar-CH), 129.1 (2 x Ar-CH), 128.7 (2 x Ar-CH), 128.6 (2 x
(Ar-CH), 128.4 (C6), 128.2 (2 x Ar-CH), 127.5 (2 x Ar-CH), 126.8 (2 x
Ar-CH), 125.4 (2 x Ar-CH), 124.6 (C5), 76.6 (C4), 70.9 (Ci), 40.5 (C2),
39.4 (C3), 21.5 (Ts-CH3);
M S (ES + ve) m/z 568 (M+Na+, 55%), 546 (M+H+, 10), 527 (20), 295
(100), 232 (30);
Anal, calcd for C 3 iH 3 iN0 4 S 2 : C, 68.23; H, 5.73; N, 2.58. Found: C,
68.16; H, 5.82; N, 2.52%.

(2/c*,4#*,5/c*,SS*)-4-PhenyI-5-(iV-tosyl-S-phenylsulfonimidoyl)-6-heptene-2-ol

(87c)

and

(87c')

Using the general procedure described above for the synthesis
(87a), reduction of (5 5b) (240 mg, 0.5 mmol) gave the title
compound as a colourless solid (190 mg, 79%) after purification by
column chromatography on silica gel (40% ethyl acetate/hexane).
The ratio of (87c) and (87c') was 70 : 30.
m.p. 149-151 °C;
iH N M R (400 M H z ) (87c) 8 7.90 (4H, m, 4 x Ar-H), 7.64 (IH, tt, J
= 7.6, 1.2 Hz, Ar-H), 7.53 (2H, tt, J = 7.6, 1.6 Hz, 2 x Ar-H), 7.25-7.21
(5H, m, 5 x Ar-H), 7.15-7.13 (2H, m, 2 x Ar-H), 5.86 (IH, ddd, J =
17.2, 10.4, 10.2 Hz, H6), 5.34 (IH, dd, J = 10.4, 1.2 Hz, Hla), 4.73
(IH, d, J = 17.2 Hz, H7b), 4.28 (IH, dt, J = 12.4, 2.8 Hz, H4), 3.82 (IH,
dd, J = 10.4, 3.2 Hz, H5), 3.29 (IH, m, H2), 2.40 (3H, s, Ts-CH,), 1.97
(IH, ddd, J = 13.6, 10.0, 2.8 Hz, H3a), 1.82 (IH, ddd, J = 14.0, 10.2,
2.8 Hz, H3b), 1.02 (3H, d, J = 6.0 Hz, C2-CH3J; (87c') (in part) 5.30
(IH, dd, J = 10.4, 1.2 Hz, Hla), 4.61 (IH, d, J = 16.8 Hz, H7b), 3.89
(ddd, J = 8.8, 6.0, 2.4 Hz, H4), 3.70 (IH, dd, J = 10.8, 2.8 Hz, H5), 3.47
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(IH, dq, J = 12.4, 6.4 Hz, H2), 2.36 (3H, s, Ts-CHa), 2.05-2.
2 x H3), 0.93 (3H, d, J = 6.0 Hz, C2-CH3);
13C N M R

(100 M H z ) (87c) 8 142.6 (Ar-C), 141.1 (Ar-C.), 140.2

(Ar-C), 136.7 (Ar-C), 134.0 (Ar-CH), 129.2 (2 x Ar-CH), 129.1 (2 x
Ar-CH), 128.6 (2 x Ar-CH), 128.5 (2 x Ar-CH), 128.1 (Ar-CH), 127.3
(Cl), 126.7 (2 x Ar-CH), 124.7 (C6), 76.6 (C5), 64.9 (C2), 40.2 (Ci),
39.2 (C4), 24.4 (C2-CH3), 21.4 (Ts-CH3); (87c') 142.7 (Ar-C), 140.9
(Ar-C), 140.3 (Ar-C), 136.7 (Ar-C), 134.1 (Ar-CH), 129.2 (6 x Ar-CH),
128.8 (2 x Ar-CH), 128.5 (Ar-CH), 128.3 (2 x Ar-CH), 127.5 (C7),
126.8 (2 x Ar-CH), 124.1 (C6), 76.7 (C5), 66.4 (C2), 41.0 (Ci), 38.8
(C4), 22.4 (C2-CH3), 21.5 (Ts-CH3);
M S (ES + ve) m/z 506 (M+Na+, 10%), 484 (M+H+, 10), 296 (85), 125
(100);
Anal, calcd for C 2 6 H 2 9 N 0 4 S 2 : C, 64.57; H, 6.04; N, 2.90. Found: C,
64.32; H, 6.03; N, 2.99%.

(l/?*,3/c*,4/c*,SS*)-3-Methyl-l-phenyl-4-(iV-tosyl-Sphenyl-su!fonimidoyl)-5-hexene-l-ol

(87d)

and

(87d')

Using the general procedure described above for the synthesi
(87a), reduction of (5 5c) (240 mg, 0.5 mmol) gave the title
compound as a colourless solid (119 mg, 49%) after purification by
recrystallization

from

a

mixed

solvent

system

of

ethyl

acetate/hexane. The ratio of (87d) and (87d') was 95 : 5.
m.p. 151-152 oC;
IH N M R (400 M H z ) (87d) 8 7.91 (4H, d, J = 8.4 Hz, 4 x Ar-H), 7.66

(IH, t, J = 8.0 Hz, Ar-H), 7.57 (2H, t, J = 8.0 Hz, 2 x Ar-H), 7.32 (2H, t,
J = 8.0 Hz, 2 x Ar-H), 7.30-7.26 (3H, m, 3 x Ar-H), 7.17 (2H, d, J = 7.6
Hz, 2 x Ar-H), 5.64 (IH, ddd, J = 17.2, 10.4, 10.2 Hz, Hi), 5.32 (IH, d,
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J = 10.4 Hz, H6a), 4.90 (IH, d, J =16.8 Hz, H6b), 4.59 (IH, d
10.0, 6.4, 2.8 Hz, Hi), 3.66 (IH, dd, J = 10.4, 2.8 Hz, H4), 3.28-3.24
(IH, m, Hi), 2.39 (3H, s, Ts-CH3), 2.23 (IH, ddd, J = 13.6, 9.8, 2.4 Hz,
H2a), 1.74 (IH, d, J = 6.4 Hz, OH), 1.37 (IH, ddd, J = 13.6, 11.6, 3.2
Hz, H2b), 1.01 (3H, d, J = 6.8 Hz, C3-CH3); (87d') (in part) 4.93 (IH,
d, J = 16.4 Hz, H6b). 1.07 (3H, d, J= 6.8 Hz, C3-CHa);
13C N M R

(100 M H z ) (87d) 8 144.9 (Ar-C), 142.6 (Ar-C), 141.2

(Ar-C), 137.0 (Ar-C), 134.0 (Ar-CH), 129.2 (2 x Ar-CH), 129.1 (2 x
Ar-CH), 129.09 (2 x Ar-CH), 128.4 (2 x Ar-CH), 127.4, (C6), 127.38
(Ar-CH), 126.8 (2 x Ar-CH), 125.5 (2 x Ar-CH), 124.6 (C5), 76.6 (C4),
71.4 (Ci), 40.9 (C2), 28.9 (Ci), 21.5 (Ts-CH3), 18.1 (C3-CH3);
M S (ES + ve) m/z 506 (M+Na+, 95%), 484 (M+H+, 30), 466 (100),
296 (90);
Anal, calcd for C 2 6 H 2 9 N 0 4 S 2 : C, 64.57; H, 6.04; N, 2.89. Found: C,
64.33; H, 6.12; N, 2.86%.

(2#*,4/<*,5/c*,SS*)-2-(fe^Butyldimethylsilyloxy)-4methyl-5-(JV-tosyl-S-phenylsulfonimidoyl)-6-heptene

(88)

A solution of the alcohol (87a) (210 mg, 0.5 mmol), tertbutyldimethylchlorosilane (98 mg, 0.65 mmol) and imidazole (85
mg, 1.25 mmol) in dry D M F (20 mL) was stirred at 60-65 °C under
N 2 for 18 h. The reaction was cooled to rt and diluted with water (5
mL) at rt and extracted with diethyl ether (2 x 100 mL). The
combined extracts were washed with water (6 x 30 mL), dried
(MgS0 4 ) and evaporated. The crude product was purified by column
chromatography

on

silica

gel.

Elution

with

25%

ethyl

acetate/hexane gave the title compound as a colourless oil (249 mg,
93%).
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IH NMR (300 MHz) 8 7.92-7.84 (4H, m, 4 x Ar-H), 7.67-7.61 (IH,
m, Ar-H), 7.56-7.51 (2H, m, 2 x Ar-H), 7.23-7.20 (2H, m, 2 x Ar-H),
5.59 (IH, ddd, J = 17.1, 10.5, 10.2 Hz, H6), 5.35 (IH, dd, J = 10.5, 1.5
Hz, H7a), 5.01 (IH, dd, J =17.1, 0.6 Hz, H7b), 3.85-3.78 (IH, m, H 2 ) ,
3.80 (IH, dd, J = 10.2, 3.6 Hz, H5), 3.02-2.89 (IH, m, H4), 2.38 (3H, s,
Ts-CHa), 1.68-1.55 (2H, m, 2 x Hi), 1.00 (3H, d, J = 1.8 Hz, 3 x H i ) ,
0.98 (3H, d, J = 2.4 Hz, C4-CH 3 ), 0.88 (9H, s, 9 x 'Bu-H), 0.041 (3H, s,
Si-CH2) 0.032(3H, s, Si-CH3_);
M S (ES + ve) m/z 537 (M+H+, 100%), 411 (35), 298 (25), 242 (25).

(2Z?*,42?*,5fl*,SS*)-2-(re^Butyldimethylsilyloxy)-4methyI-5-(iV-tosyl-S-phenyIsulfonimidoyl)-5-heptene
(106)

To a solution of sulfoximine (88) (54 mg, 0.1 mmol) in THF was
added «-BuLi (0.13 mmol, in hexane) at -78 oc under N 2 and the
mixture was stirred for 30 min. The solution was warmed to 0 °C
and then treated with 3-penten-2-one (85) (11 mg, 0.13 mmol) for
30 min. The reaction was cooled to -78 °C and then quenched with
acetic acid (0.01 m L ) and an aqueous solution of saturated N H 4 C 1
(0.5 mL). The crude reaction products were purified by column
chromatography on silica gel with 1 5 % ethyl acetate/hexane as
eluent to give the title compound as a colourless oil (30 mg, 56%).
IH N M R (300 M H z ) 8 7.99-7.95 (2H, m, 4 x Ar-H), 7.92-7.88 (2H,
m, 4 x Ar-H), 7.71-7.66 (IH, m, Ar-H), 7.63-7.56 (2H, m, 2 x Ar-H),
7.30-7.27 (2H, m, 2 x Ar-H), 7.22 (IH, dq, J = 7.5, 0.9 Hz, H 6 ) , 3.853.77 (IH, m, H2), 3.08-2.94 (IH, m, HI), 2.45 (3H, s, Ts-CH,), 2.06
(3H, d, J = 7.5 Hz, C6-CH3J, 1.76-1.60 (2H, m, 2 x Hi), 1.09 (3H, d, J =
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6.0 Hz, C2-CH3), 1.02 (3H, d, J = 6.9 Hz, C4-CH3), 0.92 (9H, s, 9
ll), 0.07 (3H, s, Si-CH3) 0.04 (3H, s, Si-CH3);
13C N M R

(75 M H z ) 8 144.6 (CH=C), 142.3 (Ar-C), 141.3 (Ar-C),

139.4 (CH=C), 138.4 (Ar-C), 133.5 (Ar-CH), 129.2 (2 x Ar-CH), 129.1
(2 x Ar-CH), 128.2 (2 x Ar-CH), 126.2 (2 x Ar-CH), 65.7 (C2), 44.3
(C3), 28.8 (C4), 25.8 (3 x 'Bu-CH3), 23.8 (CH3), 21.5 (Ts-CH3), 17.9
(CH 3 ), 15.5 (CH 3 ), -4.0 (S1-CH3), -.5.1 (S1-CH3).

Chapter 3

JV-Me thoxy car bonyl-S-methyl-S-phenyl sulfoximine
(108)^2

To a solution of the racemic sulfoximine (1) (5 g, 32 mmol) in
1,2-dimethoxyethane

anhydrous

(25

mL)

was

added

sodium

hydride (1.95 g, 48 mmol) at rt under N 2 . The slurry was stirred for
2.5 h

and

then methyl chloroformate (4.56g, 48 mmol) was

dropwised over for lh. The reaction mixture was stirred for a
further 15 h. The resulting suspended solids were then removed by
filtration, and the filtrate was concentrated in vacuo to a yellow
residue which was dissolved in chloroform (40 m L ) . This solution
was washed
saturated

with water (50 m L ) and an aqueous solution of

NaCl (2 x 50 m L ) . The organic layer was dried (MgS0 4 )

and evaporated. The

crude products were purified by

chromatography

silica

on

gel.

Elution

with

40%

column
ethyl

acetate/hexane gave the title compound as a white solid (6.5 g,
95%).
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Optically active (108) was obtained in 96% yield (2.64 g) usi
same procedure described above for the synthesis of racemic
(108), starting with (5)-(+)-(3) (2.0 g, 13 mmol, (5)-(+)-(3) was
prepared from (S)-(+)-(l) with ee = 96%).
m.p. 96-97 °C (lit.162 m. p. 97-98 °C);
IH N M R 8 (300 M H z ) 8 8.02-7.99 (2H, m, 2 x Ar-H2.6). 7.72-7.67
(IH, m, Ar-H4), 7.64-7.59 (2H, m, Ar-H3.5\ 3.68 (3H, s, CH 3 ) 3.32
(3H, s, S-CH3).

Synthesis of Allylic Sulfoximines from Carbonyl
Compounds

(£)- and (Z)-iV-Tosyl-S-(2-pentenyl)-S-phenylsulfoximine
(U0)

A solution of racemic A^-tosyl-5-methyl-5-phenylsulfoximine (
(0.5 g, 1.6 mmol) in dry THF (6 mL) was treated with n-BuLi (0.65
mL, 1.3 equiv, 1.6 M in hexane) at -78 °C for 40 min. Butanal (0.14
g, 1.9 mmol) was added and the reaction was stirred for a further 1
h and was then quenched by the addition of a saturated solution of
aqueous

NH4CI (0.2 mL) and water (10 mL). The mixture was

extracted with D C M (2 x 35 mL) and the combined extracts were
dried

(MgS04)

and

evaporated

to

give

the

crude

(3-

hydroxysulfoximine product.
The crude product was dissolved in D C M (15 mL) and treated with
triethylamine (1.1 mL, 8 mmol) and methanesulfonyl chloride (0.37
mL, 4.8 mmol) at 0 °C. The reaction was stirred for 3 hr and then
D B U (1.44 mL, 9.6 mmol) was added at 0 °C. The reaction was
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warmed to rt and stirred overnight. The reaction mixture was
poured into diethyl ether (60 mL) and washed consecutively with
water (30 mL), a saturated solution of aqueous NH 4 C1 (20 mL) and a
solution of 10% Na 2 C03. The diethyl ether layer was dried (MgS0 4 )
and evaporated. The crude products were purified by column
chromatography

on

silica

gel.

Elution

with

15%

ethyl

acetate/hexane gave the title product as a pale yellow oil (288 mg,
49% overall yield, E : Z = 58 : 42).
IH N M R

(300 M H z ) (major, E -isomer) 8 7.92-7.85 (4H, m, 4 x

Ts-H), 7.67 (IH, tt, J = 7.5, 1.5 Hz, Ar-H4), 7.58-7.53 (2H, m, ArH3.5). 7.24 (2H, d, J = 8.1 Hz, Ar-Hl.6), 5.51 (IH, dt, J = 15.6, 6.3 Hz,
H2), 5.38-5.27 (IH, m, Hi), 4.27-4.12 (2H, m, 2 x Hi), 2.38 (3H, s,
Ts-CH3), 1.97 (2H, pent, J = 7.5 Hz, 2 x H4), 0.84 (3H, t, J = 7.5 Hz, 3 x
H5); (minor, Z-isomer) 8 5.73 (IH, dt, J = 10.5, 7.5 Hz, H2), 5.385.27 (IH, m, Hi), 4.42-4.25 (2H, m, 2 x Hi), 1-63 (2H, dpent, J = 7.5,
1.5 Hz, 2 x Hi), 0.67 (3H, t, J = 7.5 Hz, 3 x Hi);
13C N M R

(75 M H z ) (on mixture) 8 145.5, 143.0, 142.6, 141.0,

135.4, 134.2, 134.1, 129.13, 129.06, 128.5, 126.6, 113.8 (£-Ci),
113.4 (Z-Ci), 62.0 (E-Cl), 57.0 (Z-Ci), 29.6 (Z-C4), 25.6 (£-C4), 21.4
(£-Ts-CH3), 20.6 (Z-Ts-CH3), 13.1 (Z-C5), 12.7 (£-C5);
M S (ES + ve) m/z 364 (M+H+, 22%), 296 (100), 125 (20);
H R M S calcd for C 1 8 H 2 1 N0 3 S 2 : 363.09626, found: 363.09684.

(£)-iV-Tosyl-S-phenyl-S-(3-phenyl-2-propenyl)sulfoximine
(111)

The title compound was obtained as a colourless oil (205 mg, 2
overall yield) after purification by column chromatography (20%
ethyl acetate/hexane) using the procedure described above for the
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synthesis of (110), except that freshly prepared
phenylacetaldehyde163 (265 mg, 2.2 mmol) was used instead of
butanal.
iH N M R (300 M H z ) 8 7.92-7.88 (4H, m, 4 x Ar-H), 7.71-7.64 (IH,
m, Ar-H), 7.58-7.50 (2H, m, 2 x Ar-H), 7.35-7.17 (7H, m, 7 x Ar-H),
6.31 (IH, d, J = 15.9 Hz, Hi), 6.01 (IH, dt, J = 15.9, 7.5 Hz, H2), 4.47
(2H, dd, J = 13.5, 7.5 Hz, S-CHaHb), 4.39 (IH, dd, J = 13.8, 7.8 Hz, SCHaHb), 2.38 (3H, s, Ts-CH2);
13C N M R (100 M H z ) 8 142.8 (Ar-C), 141.1 (Ar-C), 140.8 (Ar-C),
135.3 (Ar-C), 135.2 (Ar-C), 134.3 (Ar-C), 129.24 (2 x Ar-C), 129.21
(2 x Ar-C), 128.8 (C=C) 128.7 (2 x Ar-C), 128.6 (2 x Ar-C), 126.7 (2 x
Ar-C), 126.6 (2 x Ar-C), 113.6 (C=C), 62.3 (S-CH2), 21.5 (Ts-CH3).
M S (ES + ve) m/z 412 (M+H+, 15%), 296 (20), 251 (30), 183 (35),
117 (100);

l-[N-Tosyl-S-phenylsulfonimidoyl]methylcyclopentanoI
(112)

To a solution of the racemic sulfoximine (3) (0.62 g, 2 mmol
THF (6 mL) at -78 °C was added n-BuLi (1.3 equiv. in hexane) and
the solution was stirred at -78 °C under N 2

for 40 min. 2-

Cyclopentanone (0.19 g, 2.4 mmol) was added, and the reaction
mixture was stirred for a further 1 h, and then quenched by the
addition of a saturated solution of aqueous NH 4 C1 (0.2 mL) at -78 °C.
Water (15 mL) was added and the mixture was extracted with D C M
(2 x 20 mL). The combined extracts were dried (MgS0 4 ) and
evaporated

and the crude products were purified by

chromatography

on

silica

gel.

Elution

with

30%

acetate/hexane gave the title compound (0.755 g, 95%).

column
ethyl
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lH NMR (300 MHz) 8 7.95-7.93 (2H, m, Ts-H2.6). 7.77-7.73 (2H,
m, Ts-H3_J_), 7.66-7.62 (IH, m, S-Ar-H4), 7.56-7.51 (2H, m, S-ArH3.5). 7.21 (2H, d, J = 7.5 Hz, S-Ar-H2.6). 3.96 (IH, d, J = 14.4 Hz, SCHaHb), 3.53 (IH, d, J = 14.4 Hz, S-CHaHb), 3.64-3.30 (IH, br, O H ) ,
2.37 (3H, s, Ts-CH2), 2.18-1.57 (8H, br, 8 x cyclo-H);
13C N M R (75 M H z ) 8 142.6 (Ts-Ci), 140.4 (Ts-C4), 138.6 (S-ArCi), 134.0 (S-Ar-C4), 129.3 (2 x Ar-CH), 129.0 (2 x Ar-CH), 127.8 (2
x Ar-CH), 126.3 (2 x Ar-CH), 79.5 (Ci), 66.7 (S-CH2), 39.9 (CH2), 39.3
(CH2), 23.0 (CH2), 22.7 (CH2), 21.2 (Ts-CH3).
M S (ES + ve) m/z 394 (M+H+, 100%), 310 (75), 177 (45).

l-[iV-Tosyl-S-phenylsulfonimidoyl]methylcyclohexanol
(113a)

Using the general procedure described above for the synthesis
(112), except that cyclohexanone (3.0 g, 9.6 mmol) was used
instead of cyclopentanone, the title compound was obtained as a
colourless

oil (3.17

g, 81%) after purification

by

column

chromatography (40% ethyl acetate/hexane).
IH N M R (400 M H z ) 8 8.00-7.97 (2H, m, TS-H2.6), 7.78 (2H, d, J =
8.4 Hz, Ts-H3.5). 7.71-7.67 (IH, m, 5-Ar-Hi), 7.62-7.58 (2H, m, SAr-H3.5). 7.24 (2H, d, J = 8.4 Hz, S-Ar-H2A6_), 3.73 (IH, d, J = 14.4 Hz,
S-CHaHb), 3.59 (IH, s, OH), 3.31 (IH, d, J = 14.4 Hz, S-CHaHb), 2.40
(3H, s, Ts-CH3), 1.74-1.31 (8H, m, 8 x cyclo-H);
13 C N M R (75 M H z ) 8 142.8 (Ts-Cl), 140.6 (Ts-C4), 139.4 (S-ArCl), 134.2 (S-AT-C2), 129.5 (2 x Ar-CH), 129.2 (2 x Ar-CH), 127.8 (2
x Ar-CH), 126.5 (2 x Ar-CH), 72.0 (HO-C), 66.9 (S-CH2), 37.7 (CH 2 ),
37.1 (CH2), 25.0 (CH2), 21.54 (CH2), 21.50 (CH2), 21.4 (Ts-CH3);
M S (ES + ve) m/z 408 (M+H+, 100%), 310 (10).
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l-[iV-Methoxy car bony I -S-phenylsulfonimidoy 1] methyl
cyclohexanol (113b)

The title compound was prepared using the general procedure
described above for the synthesis of (113a), except that Nmethoxylcarbonyl-5-methyl-S-phenylsulfoximine

(108) (2.63g,

12.3 mmol) was used instead of sulfoximine (3). The crude reaction
product was

used

in the next step directly. The following

spectroscopic data were taken on the crude product.
iH N M R (400 M H z ) 8 7.96-7.94 (2H, m, Ar-H3.5). 7.70-7.66 (IH,
m, Ar-H4), 7.63-7.59 (2H, m, Ar-H2.6). 4.69 (IH, s, OH), 3.61 (3H, s,
CO2CH3), 3.53 (IH, d, J = 14.0 Hz, S-CHaHb), 3.26 (IH, d, J = 14.0 Hz,
S-CHaHb), 2.06-2.02 (IH, m, Cyclo-H), 1.79-1.68 (4H, m, 4 x CycloH), 1.55-1.42 (4H, m, 4 x Cyclo-H), 1.32-1.25 (IH, m, Cyclo-H);
13C N M R (75 M H z ) 8 158.6 (C=0), 139.2 (Ar-Ci), 133.9 (Ar-C4),
129.7 (Ar-C3.5). 127.5 (Ar-C2.6). 71.9 (Ci), 65.6 (S-CH2), 53.1
(C0 2 CH 3 ), 38.6 (CH2), 36.9 (CH2), 25.2 (CH2), 21.7 (CH2), 21.6 (CH2).

l-[iV-Methyl-S-phenylsulfonimidoyl]methylcyclohexanol
(113c)

The title compound was prepared using the general procedure
described above for the synthesis of (113a), except that iV-methylS-methyl-S-phenylsulfoximine

(5) (3.19 g, 20 mmol) was used

instead of sulfoximine (3). The crude reaction product was used in
the next step directly. The following spectroscopic data were taken
on the crude product.
iH N M R (300 M H z ) 8 7.90-7.86 (2H, m, Ar-H3_5.), 7.63-7.54 (3H,
m, Ar-H2.4.6). 6.44 (IH, br, OH), 3.27 (IH, d, J = 13.5 Hz, S-CHaHb),
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3.12 (IH, d, J = 13.5 Hz, S-CHaHb). 2.62 (3H, s, N-CH3), 2.20-2.10
(IH, br, cyclo-H), 1.97-1.86 (IH, m, cyclo-H), 1.82-1.50 (5H, m, 5 x
cyclo-H), 1.41-1.24 (3H, m, 3 x cyclo-H);
13C N M R (100 M H z ) 8 139.1 (Ar-Ci), 133.0 (Ar-C4), 129.5 (ArCi5), 128.9 (Ar-C2.6). 71.7 (HO-C), 64.4 (S-CH2), 39.2 (CH 2 ), 36.7
(CH2), 28.9 (N-CH3), 25.4 (CH2), 22.0 (CH2), 21.7 (CH2).

l-[A^-Tosyl-S-phenylsulfonimidoyl]methylcycloheptanol
(114)

The title compound was obtained as a colourless oil (2.3 g, 8
after

purification

by

column

chromatography

(40%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (113a), except that cycloheptanone (0.88 g, 7.7
mmol) was used instead of cyclohexanone.
IH N M R (400 M H z ) 8 8.01-7.97 (2H, m, Ts-H2,6), 7.79-7.77 (2H,
m, Ts-H2.6). 7.70-7.67 (IH, m, S-Ar-Hi), 7.62-7.57 (2H, m, S-ArH3.5). 7.24 (2H, d, J = 8 Hz, S-Ar-H2,6), 3.70 (IH, d, J = 14.4 Hz, SCHaHb), 3.69 (IH, s, OH), 3.30 (IH, d, J = 14.4 Hz, S-CHaHb), 2.40 (3H,
s, Ts-CH3), 1.91-1.69 (4H, m, 4 x cyclo-H), 1.63-1.48 (4H, m, 4 x
cyclo-H), 1.44-1.25 (4H, m, 4 x cyclo-H);
13C N M R (100 M H z ) 8 142.9 (Ts-C2,6), 140.4 (Ts-CiJ.), 139.4 (SAr-Ci), 134.2 (S-Ar-C4), 129.6 (2 x Ar-CH), 129.2 (2 x Ar-CH),
127.8 (2 x Ar-CH), 126.6 (2 x Ar-CH), 76.2 (HO-C), 67.8 (S-CH2), 41.2
(CH2), 40.5 (CH2), 29.5 (CH2), 29.4 (CH2), 21.7 (CH2), 21.6 (CH2), 21.5
(Ts-CH3);
M S (ES + ve) m/z 422 (M+H+, 100%), 310 (50), 279 (30), 177 (20).
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iV-Tosyl-S-[(l-cyc!opentenyI)methyl]-S-phenyIsulfoximine
(118)

The alcohol (112) (1.57 g, 4 mmol) was dissolved in dry DCM (20
mL) and the solution was cooled to 0 °C. Triethylamine (2.75 m L , 20
mmol) was

added

then

methanesulfonyl

chloride

(0.93

mL,

12mmol) was added dropwise over 10 min. After stirring at 0 °C
for 2 h. D B U (3.6 m L , 24 mmol) was added and after 10 min. the
reaction mixture was warmed to rt and then stirred overnight. The
reaction was diluted with diethyl ether (70 m L ) and the mixture
was washed with water (35 mL), a saturated aqueous solution of
N H 4 C 1 (50 m L ) and a 1 0 % aqueous solution of N a 2 C 0 3 (50 mL). The
diethyl ether layer was dried (MgS0 4 ) and evaporated. The crude
reaction mixture was treated with potassium methoxide in dry T H F
for 72 h according to the method of Gias.46

The crude reaction

mixture was purified by column chromatography on silica gel.
Elution with

15%

ethyl acetate/hexane gave the title allylic

sulfoximine as a colourless solid (1.4 g, 97%).
iH N M R

(300 M H z ) 8 7.91-7.85 (4H, m, 4 x Ts-H), 7.69-7.64 (IH,

m, S-Ar-H4), 7.57-7.52 (2H, m, S-Ar-H3,5), 7.24 (2H, d, J = 8.1 Hz, SAr-H2.6). 5.49 (IH, br, H2), 4.41 (IH, d, J = 13.8 Hz, S-CHaHb), 4.35
(IH, d, J = 13.8 Hz, S-CHaHb), 2.38 (3H, s, TS-CH3), 2.27-2.15 (4H, m,
2 x H i + 2 x Hi), 1.76 (2H, p, J = 7.5 Hz, 2 x Hi);
13C N M R

(75 M H z ) 8 142.6 (Ts-Ci), 141.0 (Ts-C4), 138.1 (C2),

135.9 (S-Ar-Ci), 134.1 (S-Ar-C4), 129.8 (Ci), 129.1 (2 x A r - C H ) ,
129.0 (2 x Ar-CH), 128.5 (2 x Ar-CH), 126.6 (2 x Ar-CH), 60.6 (SC H 2 ) , 34.8 (cyclo-C), 32.8 (cyclo-C), 23.5 (cyclo-C), 21.4 (Ts-CH3);
M S (ES + ve) 376 m/z (M+H+, 30%), 296 (100), 106 (50), 104 (100);
H R M S calcd for C 1 9 H 2 1 N 0 3 S 2 : 375.09626, found: 375.09629.
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N-Tosyl-S-[(l-cyclohexenyl)methyl]-S-phenylsuIfoximine
(119a)

The title compound was obtained as a colourless solid (1.42 g
after

purification

by

column

chromatography

(25%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (118), except that (113a) (1.81 g, 4.4 mmol) was
used instead of (112).
iH N M R (400 M H z ) 8 7.91-7.85 (4H, m, 4 x Ts-H), 7.69-7.65 (IH,
m, S-Ar-Hl), 7.58-7.54 (2H, m, S-Ar-H^), 7.24 (2H, d, J = 8.8 Hz, SAr-H2.6). 5.38 (IH, br, Hi), 4.21 (IH, d, J = 14.0 Hz, S-CHaHb), 4.06
(IH, d, J = 14.0 Hz, S-CHaHb), 2.39 (3H, s, Ts-CHs), 2.05-1.78 (4H, m,
2 x H i + 2 x H6), 1.51-1.41 (4H, m, 2 x H4 + 2 x Hi);
13C N M R (100 M H z ) 8 142.6 (Ts-Ci), 141.0 (Ts-C4), 135.6 (S-ArCi), 135.5 (C2), 134.1 (S-Ar-C4), 129.2 (2 x Ar-CH), 129.1 (2 x ArCH), 128.8 (2 x Ar-CH), 126.6 (2 x Ar-CH), 124.9 (Ci), 66.7 (S-CH2),
28.7 (CH2), 25.7 (CH2), 22.4 (CH2), 21.5, (Ts-CH3), 21.2 (CH2);
M S (ES + ve) m/z 390 (M+H+, 25%), 296 (100), 125 (25).
H R M S calcd for C 2 0 H 2 3 NO 3 S 2 : 389.11190, found: 389.11323.

N-Methoxycarbonyl-S-[(l-cyclohexenyl)methyl]-Sphenylsulfoximine

(119b)

The title compound was obtained as a colourless solid (2.46 g
overall yield) after purification by column chromatography (15%
ethyl acetate/hexane) using the general procedure described above
for the synthesis of (118), except that crude (113b) (12.3 mmol)
was used instead of (112).
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IH NMR (300 MHz) 8 7.91-7.88 (2H, m, Ar-H3.5). 7.70-7.64 (IH,
m, Ar-Hi), 7.60-7.55 (2H, m, Ar-H2.6). 5.36 (IH, broad, Hi), 4.13
(IH, d, J = 13.5 Hz, S-CHaHb), 4.03 (IH, d, J = 13.5 Hz, S-CHaHb), 3.68
(3H, s, CO2-CH3), 2.10-1.80 (4H, m, 2 x H i + 2 x H6), 1.54-1.43 (4H,

m, 2xH4 + 2xH5);
13C N M R (75 MHz) 8 159.5 (C=0), 135.7 (Ar-Ci), 134.8 (Ar-C4),
133.7 (C2), 129.0 (Ar-C3.5). 128.5 (Ar-C2.6). 125.1 (Ci), 64.3 (SCH 2 ), 53.0 (C02-CH3), 28.6 (CH2), 25.6 (CH2), 22.4 (CH2), 21.2 (CH2);
M S (ES + ve) m/z 294 (M+H+, 100%), 200 (20), 104 (15);
H R M S calcd for Ci 5 Hi 9 N0 3 S: 293.10854, found: 293.10857.

N-Methyl-S-[(l-cyclohexenyl)methyl]-S-phenylsulfoximine
(119c)

The title compound was obtained as a colourless solid (3.80
overall yield) after purification by column chromatography (15%
ethyl acetate/hexane) using the general procedure described above
for the synthesis of (118), except that crude (113c) (20 mmol) was
used instead of (112).
IH N M R (300 M H z ) 8 7.83-7.78 (2H, m, Ar-HiJ.), 7.61-7.48 (3H,
m, Ar-H2.4.6). 5.32 (IH, broad, Hi), 3.76 (2H, s, S-CH2), 2.71 (3H, s,
CH3), 2.20-2.05 (IH, m, cyclo-H), 1-94-1.80 (3H, m, 3 x cyclo-H),
1.58-1.40 (4H, m, 4 x cyclo-H);
13C N M R

(75 M H z ) 8 137.1 (Ar-Ci), 132.9 (Ar-C4.), 132.6 (C2),

129.8 (Ar-C3.5). 128.9 (Ar-C2^6), 126.6 (Ci), 65.0 (S-CH2), 29.8
(CH3), 28.8 (CH2), 25.6 (CH2), 22.6 (£H2), 21.5 (CH2);
M S (ES + ve) m/z 250 (M+H+, 40%), 156 (100), 124 (15);
H R M S calcd for C14H19NOS: 249.11871, found: 249.11874.
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N-Tosyl-S-[(l-cycloheptyl)methyl]-S-phenylsulfoximine
(120)

The title compound was obtained as a colourless solid (2.11 g
after

purification

by

column

chromatography

(25%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (118), except that (114) (2.3 g, 5.8 mmol) was
used instead of (112).
IH N M R (400 M H z ) 8 7.92-7.90 (2H, m, Ts-H2.6). 7.87-7.85 (2H,
m, Ts-H3.5). 7.66-7.65 (IH, m, S-Ar-H4), 7.58-7.54 (2H, m, S-ArH3.5). 7.24 (2H, d, J = 8.0 Hz, S-Ar-Hi.6), 5.45 (IH, t, J = 6.0 Hz, HI),
4.32 (IH, d, J = 13.6 Hz, S-CHaHb), 4.03 (IH, d, J = 13.6 Hz, S-CHaHb),
2.38 (3H, s, Ts-CHs), 2.21-2.08 (2H, m, 2 x cyclo-H), 1-93 (2H, broad,
2 x cyclo-H), 1.70-1.56 (2H, m, 2 x cyclo-H), 1.42-1.26 (4H, m, 4 x
cyclo-H);
13C N M R (100 M H z ) 8 142.6 (Ts-Ci), 141.0 (Ts-C4), 140.9 (CT),
135.7 (S-Ar-Ci), 134.1 (Ci), 130.7 (S-Ar-C4), 129.1 (2 x Ar-CH),
129.0 (2 x Ar-CH), 128.8 (2 x Ar-CH), 126.6 (2 x Ar-CH), 68.9(SCH 2 ), 33.4 (CH 2 ), 31.7 (CH 2 ), 28.8 (CH 2 ), 26.04 (CH 2 ), 26.02 (CH 2 ),
21.5 (Ts-CH3);
M S (ES + ve) m/z 404 (M+H+, 15%), 296 (100), 233 (50).
H R M S calcd for C 2 iH 2 5 N0 3 S 2 : 403.12755, found: 403.12823.

(IS, SS)-W-Tosyl-S-[(l-cyclopentenyl)ethyl]-S-phenyl
sulfoximine

(121)

To a solution of the (S)-allylic sulfoximine (118) (660 mg, 1
mmol) in dry THF (5 mL) was added L D A (2.3 mmol in THF) at -78
°C and the reaction mixture was stirred for 40 min. The orange red
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solution was treated with iodomethane (3.5 mmol) at -78 °C and
the reaction was stirred for a further 1 hr at -78 °C

and

was

quenched by the addition of a saturated aqueous solution of N H 4 C 1
(0.2 m L ) at -78 °C. The reaction was warmed to rt, poured into
water (10 m L ) and extracted with C H 2 C 1 2 (2 x 20 mL). The extracts
were concentrated and dried under vacuum to leave a light yellow
oil that decomposed

upon

attempted

purification

by

column

chromatography on silica gel. The following spectroscopic data was
taken of the crude product, that appeared to be in > 9 5 % analytical
purity and > 9 8 % diastereoisomeric purity.
IH N M R

(400 M H z , in part) 8 7.84-7.19 (9H, m, 9 x Ar-H), 5.46

(IH, br, H 2 ) , 4.31 (IH, q, J = 7.2 Hz, S-CH), 2.36 (3H, s, Ts-CILO, 1.53
(3H, d, J = 7.2 Hz, CH3).

(IS, SS)-tf-Tosyl-S-[(l-cyclohexenyl)ethyl]-S -phenyl
sulfoximine

(122a)

The title compound was obtained as an oil using the general
procedure described above for the synthesis of (121), except that
(S)-(119a) (680 mg, 1.73 mmol) was used instead of (118). (122a)
decomposed

upon

attempted

purification

by

column

chromatography on silica gel. The following spectroscopic data was
taken of the crude product.
iH N M R

(400 M H z ) 8 7.89-7.86 (2H, m, TS-H2.6), 7.83-7.81 (2H,

m, Ts-H3.5), 7.67-7.63 (IH, m , S-Ar-Hl), 7.57-7.53 (2H, m , S-ArH3.5). 7.23-7.21 (2H, m, S-Ar-H2^), 5.40 (IH, br, HI), 3.88 (IH, q, J
= 7.4 Hz, S-CH), 2.38 (3H, s, Ts-CH 2 ), 1-98-1.83 (2H, m, 2 x cyclo-H),
1.74-1.69 (2H, m , 2 x cyclo-H), 1-55 (3H, d, J = 7.4 Hz, C H 3 ) , 1-461.32 (4H, m, 2 x cyclo-H);
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13C N M R (100 M H z ) 8 142.4 (Ts-Ci), 141.2 (Ts-C4), 135.7 (S-ArCi), 134.2 (£2), 133.9 (Ts-£4), 129.4 (2 x Ar-£H), 129.1 (2 x Ar-CH),
128.9 (2 x Ar-£H), 127.8 (Ci)126.6 (2 x Ar-CH), 70.2 (S-CH), 26.3
(£H2), 25.6 (£H2), 22.4 (£H2), 21.5 (Ts-£H3), 21.4 (£H2), 11.8 (CH3).

(IS, SS)-/V-Methox year bony l-S-[(l-cy clohexenyl)ethyl]-Sphenylsulfoximine

(122b)

The title compound was obtained as an oil using the general
procedure described above for the synthesis of (121), except that
(5)-(119b) (370 mg, 1.26 mmol) was used instead of (118). (122b)
decomposed

upon

attempted

purification

by

column

chromatography on silica gel. The following spectroscopic data was
taken of the crude product.
IH N M R (300 M H z ) 8 7.84-7.81 (2H, m, Ar-H3,5), 7.64-7.61 (IH,
m, Ar-H4), 7.57-7.55 (2H, m, AT-H2.6), 5.39 (IH, br, HI), 3.92 (IH,
q, J = 7.2 Hz, S-CH), 2.62 (3H, s, C0 2 -CHa), 2.25-1.32 (8H, m, 8 x
cyclo-H), 1.66 (3H, d, J = 7.2 Hz, CH-CH 2 );
13C N M R

(75 M H z ) 8 159.5 (C=0), 135. 6 (Ar-ClJ, 133.5 (C2),

132.2 (Ar-£4), 129.0 (Ar-Q$A), 128.9 (Ar-£1£), 124.7 (£i), 65.8 (SCH), 53.0 (C0 2 -CH 3 ), 26.4 (£H 2 ), 25.5 (CH2), 22.4 (CH 2 ), 21.5 (£H 2 ),
12.1 (CH-CH3).

Palladium

Catalysed

Sulfoximines

to

Allylic

Rearrangement

of

Allylic

Sulfinamides.

(42?*, 6fl*)-iV-(6-Hydroxy-4,6-diphenyl-2-hexenyl)-4methyl-benzenesulfonamide

(129)

To a stirred solution of the sulfoximine (87b) (170 mg, 0.31 mmol)
in

dry

THF

(6

mL)

was

added

tetrakis(triphenylphosphine)palladium(0)

(18

freshly
mg,

prepared

0.015

mmol)

under N 2 at rt. After 10 min, the T L C analysis indicated complete
consumption of the starting allylic sulfoximine. The reaction was
diluted with diethyl ether (20 m L ) and then washed with water (2
x 5 m L ) . The orange solution was concentrated to leave a thick dark
red oil. The oil was dissolved in a 1 : 10 mixture of 1 0 % aqueous
N a O H (0.6 m L ) and M e O H (6 m L ) at rt and the reaction mixture was
stirred for 2 hr. The M e O H was then removed in vacuo. Water (10
m L ) was added and the mixture was acidified by the addition of a
5 % aqueous solution of HC1 to p H 5.5-6.5. The mixture was extracted
with D C M

(2 x 20 m L ) and the combined extracts were dried

( M g S 0 4 ) and concentrated to leave a dark red oil which was
purified with column

chromatography. Elution with 2 0 % ethyl

acetate/hexane gave the title compound as a pale yellow oil (110
mg, 84%).
IH N M R (300 M H z ) 8 7.71-7.68 (2H, m , 2 x Ar-H), 7.34-7.21(10H,
m, 10 x Ar-H), 7.14-7.11 (2H, m , 2 x Ar-H), 5.73 (IH, dd, J = 15.3,
7.5 Hz, H i j , 5.32 (IH, ddd, J = 15.3, 6.0, 1.2 Hz, H 2 ) , 4.76 (IH, br,
O H ) , 4.52 (IH, dd, J = 6.3, 6.0 Hz, N H ) , 4.39 (IH, dd, J = 9.0, 4.5 Hz,
H£), 3.53-3.44 (2H, m , 2 x Hi), 2.38 (3H, s, Ts-CH^), 2.08 (IH, ddd, J
= 13.8, 9.0 6.0 Hz, H£), 1.98-1.89 (2H, m, 2 x H 5 ) ;
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13C NMR (75 MHz) 8 144.5 (Ar-C), 143.3 (Ar-C), 142.7 (Ar-C),
137.9 (2 x Ar-C), 129.5 (2 x Ar-C), 128.5 (2 x Ar-C), 128.4 (2 x ArC), 127.5 (2 x Ar-C), 127.3 (C=C), 126.9 (2 x Ar-C), 126.4 (Ar-C),
125.6 (2 x Ar-C), 124.2 (C=C), 71.8 (C6), 45.0 (C4), 44.8 (Ci), 44.5
(C5), 21.3 (Ts-CH3);
M S (ES + ve) m/z 422 (M+H+, 15%), 300 (100), 187 (55), 155 (40),;
H R M S calcd for C 2 5 H 2 7 N0 3 S: 421.17113, found: 421.17445.

/V-(4-Hydroxy-4-phenyl-2-butenyl)-4-methylbenzenesulfonamide(130)

The title compound was obtained as a pale yellow oil (40 mg,
after

purification

by

column

chromatography

(25%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (32) (70 mg, 0.16 mmol) was
used instead of (87b).
!H N M R (400 M H z ) 8 7.73-7.71 (2H, m, 2 x Ar-H), 7.54-7.51(lH,
m, Ar-H), 7.35-7.31 (2H, m, 2 x Ar-H), 7.30-7.24 (4H, m, 4 x Ar-H),
5.79 (IH, dddd, J = 15.2, 6.0, 1.6, 0.8 Hz, Hi), 5.66 (IH, ddt, J = 15.2,
6.0, 1.2 Hz, HI), 5.12 (IH, d, J = 6.0, Hz, Hi), 4.66 (IH, t, J = 2.4 Hz,
NH), 4.25 (IH, br, OH), 3.58 (2H, dd, J = 6.4, 5.2 Hz, 2 x Hi), 2.42 (3H,

s, Ts-CHa);
13C N M R (100 M H z ) 8 143.5 (Ar-C), 142.2 (Ar-C), 136.8 (Ar-C),
135.6 (Ar-C), 129.7 (2 x Ar-C), 128.6 (2 x Ar-C), 127.9 (C=C), 127.1
(2 x Ar-C), 126.1 (2 x Ar-C), 125.8 (C=C), 74.1 (C4), 44.6 (Ci), 21.5
(Ts-CH3);
M S (ES + ve) m/z 356 (M+K+, 10%), 340 (M+Na+, 10), 335 (M+NH+,
15), 317 (M+, 5), 300 (100), 155 (60), 129 (70);
H R M S calcd for Ci 7 Hi 9 N0 3 S: 317.10854, found: 317.10793.
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iV-(6-Oxo-4,6-diphenyI-2-hexenyI)-4-methyIbenzenesulfonamide

(131)

The title compound was obtained as a pale yellow oil (124 mg, 80%)
after

purification

by

column

chromatography

(15%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (55a) (200 mg, 0.4 mmol) was
used instead of (87b).
IH N M R (300 M H z ) 8 7.90-7.87 (2H, m, 2 x Ar-H), 7.70-7.67 (2H,
m, 2 x Ar-H), 7.59-7.54 (IH, m, Ar-H), 7.47-7.42 (2H, m, 2 x Ar-H),
7.28-7.15 (7H, m, 7 x Ar-H), 5.79 (IH, dd, J = 15.3, 4.2 Hz, Hi), 5.32
(IH, ddt, J = 15.3, 6.3, 1.2 Hz, Hi), 4.43 (IH, t, J = 6.0, Hz, N H ) , 4.02
(IH, br. dd, J = 14.1, 7.2 Hz, HI), 3.51 (2H, dd, J = 6.3, 6.0 Hz, 2 x H i ) ,
3.31 (2H, d, J = 7.8 Hz, 2 x Hi), 2.39 (3H, s, TS-CH3J;
13C N M R

(75 M H z ) 8 197.9 (C=0), 143.3 (Ar-C), 142.6 (Ar-C),

136.9 (Ar-C), 136.8 (Ar-C), 136.5 (2 x Ar-C), 133.2 (2 x Ar-C), 129.6
(2 x Ar-C), 128.6 (3 x Ar-C), 128.0 (2 x Ar-C), 127.5 (C=C), 127.1 (2
x Ar-C), 126.7 (Ar-C), 125.0 (C=C), 45.0 (CH 2 ), 44.1 (CH 2 ), 43.1 (C4),
21.5 (Ts-CH3);
M S (EI + ve) m/z 420 (M+H+, 40%), 300 (20), 249 (100);
H R M S calcd for C 2 5 H 2 5 N 0 3 S : 419.15548, found: 419.15358.

iV-[3-(3-Oxocyclopentyl)-2-propenyl)]-4-methylbenzenesulfonamide

(132)

The title compound was obtained as a pale yellow oil (63 mg, 79%)
after

purification

by

column

chromatography

(35%

ethyl

acetate/hexane) using the general procedure described above for
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the synthesis of (129), except that (55d) (100 mg, 0.24 mmol)
used instead of (87b).
IH N M R (400 M H z ) 8 7.76-7.74 (2H, m, Ts-H2.6). 7.33-7.31 (2H,
m, Ts-Hii), 5.60 (IH, dd, J = 15.2, 6.8 Hz, Hi), 5.41 (IH, ddt, J =
15.2, 6.0, 1.2 Hz, H2), 4.38 (IH, t, J = 6.0, Hz, NH), 3.58 (IH, dd, J =
6.4, 6.0 Hz, 2 x Hi), 2.80-2.72 (IH, m, cyclo-H 1'), 2.44 (3H, s, TsCHi), 2.35-2.24 (2H, m, 2 x cyclo-H), 2.19-2.05 (2H, m, 2 x cyclo-H),
1.89 (IH, ddd, J = 18.4, 10.4, 1.2 Hz, cyclo-H), 1-63-1.57 (IH, m,
cyclo-H);
13C N M R (100 M H z ) 8 218.2 (C=0), 143.6 (Ts-Ci), 137.0 (Ts-C4),
135.9 (C=C), 129.7 (Ts-C2.6). 127.1 (Ts-C3.5). 124.9 (C=C), 44.9 (Cl),
44.3 (C2'). 39.2 (CT), 38.0 (C4'). 29.4 (C5'). 21.5 (Ts-CH3);
M S (EI + ve) m/z 294 (M+H+, 20%), 261 (30), 187 (40), 123 (100),
113 (70);
H R M S calcd for C 15 Hi 9 N0 3 S: 293.10854, found: 293.10934.

iV-[3-(3-Oxocyclohexyl)-2-propenyl)]-4-methylbenzenesulfonamide

(133)

The title compound was obtained as a pale yellow oil (64 mg,
after

purification

by

column

chromatography

(35%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (55e) (100 mg, 0.23 mmol) was
used instead of (87b).
!H N M R (400 M H z ) 8 7.74 (2H, d, J = 8.4 Hz, Ts-Hi.6), 7.31 (2H, d,
J = 8.0 Hz, Ts-H3.5). 5.52 (IH, dd, J = 15.2, 6.4 Hz, Hi), 5.33 (IH, ddt,
J = 15.2, 6.4, 1.2 Hz, H2), 4.64 (IH, t, J = 6.0, Hz, NH), 3.55 (2H, dd, J =
6.4, 6.0 Hz, 2 x Hi), 2.43 (3H, s, TS-CH3), 2.42-2.36 (IH, m, cyclo-H),
2.34-2.29 (2H, m, 2 x cyclo-H), 2.27-2.19 (IH, m, cyclo-H), 2.10-2.04
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(IH, m, cyclo-H), 2.03-1.98 (IH, m, cyclo-H), 1.85-1.64 (2H, m, 2 x
cyclo-H), 1-63-1.57 46-1.38 (IH, m, cyclo-H);
13C N M R (100 M H z ) 8 210.6 (C=0), 143.5 (Ts-Ci), 137.1 (Ts-C4),
136.7 (C=C), 129.7 (Ts-C2.6). 127.1 (Ts-C3.5). 124.2 (C=C), 46.9 (Cl),
45.0 (CH 2 ), 41.2 (CH 2 ), 40.9 (CD. 20.9 (CH 2 ), 24.8 (CH 2 ), 21.5 (TsCH3);
M S (Es + ve) m/z 308 (M+H+, 40%), 172 (20), 149 (20), 137 (100);
H R M S calcd for Ci 6 H 2 iN0 3 S: 307.12419, found: 307.12310.

N-(2-Propenyl)-4-methyl-benzenesulfonamide (134)

The title compound was obtained as a pale yellow oil (56 mg,
after

purification

by

column

chromatography

(20%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (24) (100 mg, 0.29 mmol) was
used instead of (87b).
IH N M R (300 M H z ) 8 7.77-7.74 (2H, m, Ts-H2,6), 7.31 (2H, d, J =
7.8 Hz, Ts-H3.5). 5.73 (IH, dddd, J = 17.1, 13.2, 6.0, 4.5 Hz, H D , 5.17
(IH, dddd, J = 17.1, 4.2, 2.7, 1.5 Hz, U3 trans), 5.10 (IH, dddd, J = 10.5,
3.9, 2.4, 1.2 Hz, Hick), 4.51 (IH, t, J = 5.1, Hz, N H ) , 3.59 (2H, dddd, J

= 6.4, 6.0, 1.5, 1.2 Hz, 2 x Hi), 2.44 (3H, s, Ts-CHi);
13C N M R

(75 M H z ) 8 143.5 (Ts-Ci), 133.1 (Ts-CA), 129.7 (Ts-

C2.6). 127.1 (TS-C3.5). 127.0 (C=C), 117.7 (C=C), 45.8 (Cl), 21.5 (TsCH3);
M S (Es + ve) m/z 212 (M+H+, 100%), 155 (60), 126 (40);
H R M S calcd for Ci 0 Hi 3 NO 2 S: 211.06668, found: 211.06675.

Ar-(2-Propenyl)-./V-(benzenesuIfinamidoyl)-4-methylbenzenesulfonamide

(128)

The title compound was isolated from the reaction of (24) (80
0.23

mmol)

with

tetrakis(triphenylphosphine)palladium(0) but

without treatment of the crude reaction mixture with base. The title
compound was obtained as a pale yellow oil (29 mg, 36%) after
purification by column chromatography (10% ethyl acetate/hexane)
and then preparative HPLC (1% ethyl acetate/hexane).
IH N M R (400 M H z ) 8 7.90-7.88 (2H, m, 2 x Ar-H), 7.74-7.71 (2H,
m, 2 x Ar-H), 7.54-7.51 (3H, m, 3 x Ar-H), 7.39-7.36 (2H, m, 2 x ArH), 5.30 (IH, m, Hz, H D , 4.73 (IH, ddd, J = 10.6, 2.4, 1.2 Hz, 113ds),
4.71 (IH, ddd, J = 17.2, 2.4, 1.2 Hz, H3trans\ 3.88 (IH, dddd, J = 16.4,
7.2, 1.2. 1.2 Hz, Hla), 3.49 (IH, dddd, J = 16.8, 6.6, 1.2, 1.2 Hz, Elb),
2.46 (3H, s, Ts-CHi);
!3C N M R (100 M H z ) 8 144.8 (Ar-C), 142.2 (Ar-C), 135.9 (Ar-C),
132.9 (Ar-C), 132.1 (C=C), 130.0 (2 x Ar-C), 129.1 (2 x Ar-C), 127.7
(2 x Ar-C), 125.8 (2 x Ar-C), 118.1 (C=C), 43.9 (Cl), 21.7 (Ts-CH3);
M S (Es + ve) m/z 336 (M+H+, 30%), 317 (50), 289 (100), 212 (30),
155 (20);

(E)- and (Z)-N-(2-Pentenyl)-4-methyl-benzenesulfonamide
(136)

The title compounds were obtained as a colourless oil (115 mg
E : Z = 90 : 10) after purification by column chromatography (20%
ethyl acetate/hexane) using the general procedure described above
for the synthesis of (129), except that (110) (181 mg, 0.5 mmol)
was used instead of (87b).
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iH N M R (300 M H z ) (major) 8 7.75 (2H, d, J = 8.1 Hz, Ts-H2.6).
7.31 (2H, dd, J = 8.1, 0.9 Hz, Ts-H3.5). 5.59 (IH, ddd, J = 15.3, 6.3,
1.2 Hz, H D , 5.30 (IH, ddd, J = 15.3, 6.3, 1.5 Hz, Hi), 4.34 (IH, br,
NH), 3.53 (2H, ddd, J = 6.3, 2.4, 1.2 Hz, 2 x Hi), 2.43 (3H, s, Ts-CHi),
1.95 (2H, pentq, J = 7.5, 1.2 Hz, 2 x H4), 0.91 (3H, t, J = 7.5 Hz, 3 x
H5); (minor) 3.60 (2H, dd, J = 7.2, 5.7 Hz, 2 x HI);
13C N M R (75 M H z ) 8 143.3 (Ts-Ci), 137.2 (Ts-C4), 136.5 (CT),
129.6 (Ts-C2.6). 127.2 (Ts-C3.5). 123.5 (Ci), 45.3 (Ci), 25.1 (C4),
21.4 (Ts-CH3), 13.1 (C5);
M S (ES + ve) m/z 240 (M+H+, 55%), 206 (100), 172 (85), 104 (50),
69 (95);
H R M S calcd for Ci 2 Hi 7 N0 2 S: 239.09798, found: 239.09750.

(E )-N- (3 -Phenyl -2- prop enyl) -4 -methyl benzenesulfonamide

(137)

The title compound was obtained as a pale yellow oil (61 mg,
after

purification

by

column

chromatography

(15%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (111) (103 mg, 0.25 mmol) was
used instead of (87b).
*H N M R (400 M H z ) 8 7.78 (2H, d, J = 8.0 Hz, Ts-H2,6), 7.33-7.24
(7H, m, 2 x AR-H + Ts-H3.5). 6.45 (IH, d, J = 16.0 Hz, Hi), 6.02 (IH,
dt, J = 16.0, 6.4 Hz, H D , 4.46 (IH, br, NH), 3.763 (IH, dd, J = 6.4, 6.0
Hz, Hla), 3.760 (IH, dd, J = 6.4, 6.0 Hz, Hik), 2.43 (3H, s, CH 2 );
"C NMR

(100 M H z ) 8 143.6 (Ts-C_L), 137.0 (Ts-C4), 136.0 (Ar-

Ci), 133.2 (Ar-C4), 129.8 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.0
(CH=CH), 127.2 (2 x Ar-CH), 126.4 (2 x Ar-CH), 124.0 (CH=CH), 45.5
(Ci), 21.5 CH 3 );
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M S (ES + ve) m/z 288 (M+H+, 25%), 149 (30), 117 (100), 115 (85),
91 (40);
H R M S calcd for Ci 6 Hi 7 N0 2 S: 287.09798, found: 287.09776.

N-[l-(l-Cyclopentenyl)methyl]-4-methylbenzenesulfonamide

(138)

The title compound was obtained as a pale yellow oil (80 mg,
after

purification

by

column

chromatography

(15%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (118) (130 mg, 0.34 mmol) was
used instead of (87b).
IH N M R (300 M H z ) 8 7.75 (2H, dt, J = 8.4, 1.8 Hz, Ts-H2,6), 7.30
(2H, dd, J = 8.4, 0.9 Hz, Ts-H3.5). 5.49 (IH, br. s, H D , 4.84 (IH, br,
NH), 3.60 (2H, d, J = 4.8 Hz, 2 x NH-CH2), 2.43 (3H, s, Ts-CHi), 2.252.12 (4H, m, 4 x cyclo-H), 1-84-1.74 (2H, m, 2 x cyclo-H);
13C N M R

(75 M H z ) 8 143.2 (Ts-Ci), 139.3 (Ts-C4), 137.1 (Ci),

129.5 (Ts-C2.6\ 127.5 (Ts-C3.5\ 127.1 (C2), 43.7 (N-CH 2 ), 33.1
(CH2), 32.2 (CH2), 23.2 (CH2), 21.4 (Ts-CH3);
M S (ES + ve) m/z 252 (M+H+, 25%), 106 (50), 104 (100), 81 (95);
H R M S calcd for C 1 3 Hi 7 N0 2 S: 251.09798, found: 251.09781.

iV-[l-(l-Cyclohexenyl)methyll-4-methylbenzenesulfonamide

(139a)

The title compound was obtained as a pale yellow oil (179 mg
after

purification

by

column

chromatography

(20%

ethyl

acetate/hexane) using the general procedure described above for
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the synthesis of (129), except that (119a) (300 mg, 0.76 mmol
was used instead of (87b).
IH N M R (400 M H z ) 8 7.43 (2H, d, J = 8.0 Hz, Ts-H2.6). 7.30 (2H, d,
J = 8.0 Hz, Ts-H3.5). 5.34 (IH, br, H D , 4.59 (IH, br, NH), 3.43 (2H, d,
J = 6.4 Hz, N-CH2), 2.43 (3H, s, Ts-CHa), 1.91 (2H, br, 2 x cyclo-H),
1.85 (2H, br, 2 x cyclo-H), 1.54-1.45 (4H, m, 4 x cyclo-H); ^C

NMR

(75 M H z ) 8 143.2 (Ts-Ci), 137.3 (Ts-C4), 132.9 (Cl), 129.5 (TsCl^), 127.1 (Ts-C3.5). 125.3 (C2), 49.6 (N-CH2), 26.2 (CH 2 ), 24.9
(CH2), 22.3 (CH2), 22.0 (CH2), 21.4 (Ts-CH3);
M S (ES + ve) m/z 266 (M+H+, 10%), 110 (100);
H R M S calcd for C u H 1 9 N 0 2 S : 265.11362, found: 265.11318.

Methyl iV-[l-(l-cyclohexenyl)methyl]carbamate (139b)

The title compound was obtained as a pale yellow oil (38 mg, 66%)
after

purification

by

column

chromatography

( 1 5 % ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (119b) (100 m g , 0.34 m m o l )
was used instead of (87b) and the mixture was stirred for 30 min
at rt.
IH N M R (400 M H z ) 8 5.57 (IH, br, H D , 4.67 (IH, br, N H ) , 3.68
(5H, br, N-CH2 + CH3), 2.03-1.97 (2H, br, 2 x cyclo-H), 1.96-1.90 (2H,
br, 2 x cyclo-H), 1.68-1.52 (4H, m, 4 x cyclo-H);
13C N M R (100 M H z ) 8 157.1 (C=0), 134.6 (Ci), 122.8 (CD, 52.1
(CH3), 47.1 (N-CH2), 26.3 (CH2), 24.9 (CH2), 22.5 (CH2), 22.3 (CH2);
M S (ES + ve) m/z 170 (M+H+, 100%), 106 (50), 104 (100), 88 (95);
H R M S calcd for C 9 Hi 5 N0 2 : 169.11026, found: 169.11006.
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/V-Methyl-Ar-[l-(l-cyclohexenyl)methyllamine (139c)

The crude title compound was obtained after careful concentration
at rt using the general procedure described above for the synthesis
of (129), except that (119c) (200 mg, 0.8 mmol) was used instead
of (87b) and the mixture was stirred for 1 h at rt. Attempted
purification by column chromatography ( 5 % ethyl acetate/hexane)
was not successful due to the volatility of the product. The
following spectroscopic data were taken on the crude product.
IH N M R (300 M H z ) 8 5.91 (IH, br, = C _ ) , 3.49 (2H, br, N-CHb), 2.62
(3H, br, N-CH3J), 2.14 (2H, br, 2 x cyclo-H), 2.06 (2H, br, 2 x cyclo-H),
1.69-1.61 (2H, m, 2 x cyclo-H), 1.60-1.54 (2H, m, 2 x cyclo-H).

N -Methyl -iV-[l-(l-cy cIohexenyI)methyl]-4-me thy 1benzenesulfonamide
benzenesulfinamide

(141)

and

iV - m e t h y l -

(142)

The title compounds were prepared from (119c) (200 mg, 0.8
mmol) according to the general method described above for the
synthesis of (129), except that stirred time was 1 h and the crude
(4 m L )

and

treated with trifluoroacetic acid (0.12 m L , 1.6 mmol) at 0 °C.

The

rearrangement products were dissolved in M e O H

reaction mixture was stirred for 2 h at 0 °C and the solvent was
then removed

in vacuo at 35 °C.

The residue was dissolved in

diethyl ether (10 m L ) and extracted with a 1 5 % aqueous solution of
HC1 ( 2 x 5 m L ) .

The

aqueous layers were combined and cooled to 5

°C. D C M (10 m L ) was added and the resulting biphasic mixture was
carefully neutralized to p H 9 with solid N a H C 0 3 . The organic layer
was separated and the aqueous phase was extracted with D C M

(2 x
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10 mL). The combined organic extracts were washed with water
(20 mL) and brine (20 mL) then dried (MgS0 4 ) and concentrated to
give a colourless oil. The oil was dissolved in pyridine (2 mL) and
tosyl chloride (152 mg, 0.8 mmol) was added in one portion at 0 °C.
After 10 min, the reaction was warmed to rt and was then stirred
overnight. Water (10 mL) was added and the mixture was extracted
with D C M (2 x 10 mL). The combined extracts were washed with a
10% aqueous solution of HC1 (10 mL) and then water (20 mL). The
extract was dried (MgS0 4 ) and concentrated to give the crude
product which was purified by column chromatography. Elution
with 10% ethyl acetate / hexane gave 47 mg (21% overall yield) of
N-methyl-A^-tosyl-7V-(l-cyclohex-l-enyl)methylamine

(141) and

N-methyl-phenylsulfinamide (142) (85 mg, 68%).
(141):
iH N M R (300 MHz) 8 7.66 (2H, d, J = 8.4 Hz, Ar-H2,6), 7.32 (2H, d,
J = 8.4 Hz, Ar-H_5), 5.55 (IH, s, H D , 3.42 (2H, s, N-CH 2 ), 2.57 (3H, s,
CH3), 2.43 (3H, s, TS-CH3), 2.03-1.95 (4H, br, 4 x cyclo-H), 1.68-1.52
(4H, br, 4 x cyclo-H);
13C N M R

(75 M H z ) 8 143.1 (Ar-Ci), 132.7 (Ar-C4), 129.6 (Ar-

C2.6). 127.6 (Ci), 127.5 (Ar-C3_5), 126.6 (CT), 56.9 (N-CH 2 ), 33.7
(N-CH3), 26.0 (CH2), 25.2 (CH2), 22.5 (CH2), 22.3 (CH2), 21.5 (Ts-CH3);
M S (ES + ve) m/z 280 (M+H+, 60%), 186 (10), 102 (25), 95 (100);
H R M S calcd for Ci 5 H 2 iN0 2 S: 279.12927, found: 279.12870.
(142):
IH N M R (300 M H z ) 8 7.72-7.69 (2H, m, Ar-H3,5), 7.52-7.50 (3H,
m, Ar-H_4_), 4.18 (IH, br, NH), 2.55 (3H, d, J = 3.9 Hz, CH 3 );
M S (EI + ve) m/z 156 (M+H+, 30%), 64 (100).
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N-[l-(l-Cycloheptenyl)methyl]-4-methyl-benzene
sulfonamide

(140)

The title compound was obtained as a pale yellow oil (67 mg,
after

purification

by

column

chromatography

(20%

ethyl

acetate/hexane) using the general procedure described above for
the synthesis of (129), except that (120) (110 mg, 0.3 mmol) was
used instead of (87b).
IH N M R (400 M H z ) 8 7.74 (2H, dt, J = 8.2 Hz, Ar-H2.6). 7.30 (2H,
dd, J = 8.0, 0.4 Hz, Ar-H3.5). 5.65 (IH, dd, J = 6.4, 6.0 Hz, Hi), 4.48
(IH, t, J = 6.0 Hz, NH), 3.42 (2H, dd, J = 5.6, 1.2 Hz, N-CH2), 2.43 (3H,
s, CH3), 2.06-2.00 (4H, m, 4 x cyclo-H), 1.71-1.65 (2H, m, 2 x cycloH), 1.44-1.37 (4H, m, 4 x cyclo-H);
13C N M R

(100 M H z ) 8 143.3 (Ar-Ci), 139.1 (Ar-C4), 137.0 (Ci),

130.3 (C2), 129.6 (Ar-C2.6). 127.1 (Ar-C_5), 51.4 (N-CH 2 ), 32.1
(CH2), 30.6 (CH2), 28.1 (CH2), 26.7 (CH2), 26.6 (CH2), 21.5 (Ar-CH3);
M S (EI + ve) m/z 280 (M+H+, 10%), 124 (100).
H R M S calcd for Ci 5 H 21 N0 2 S: 279.12927, found: 279.12959.

(S)-iV-[l-(l-Cyclopentenyl)ethyl)]-4-methyl-benzene
sulfonamide

(144)

The title compound was obtained as a pale yellow oil (170 mg
overall yield) after purification by column chromatography (10%
ethyl acetate/hexane) using the general procedure described above
for the synthesis of (129), except that crude (121) (1.76 mmol)
was used instead of (87b).
*H N M R (400 M H z ) 8 7.73 (2H, d, J = 8.0 Hz, Ar-H2,6), 7.28 (2H, d,
J = 8.0 Hz, Ar-H3.5). 5.41 (IH, s, H2), 4.45 (IH, d, J = 8.0 Hz, N H ) ,
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4.03 (IH, br. pent, J = 7.2 Hz, N-CH), 2.42 (3H, s, Ar-CHi), 2.19-2.10
(3H, m, 3 x cyclo-H), 2.00-1.90 (IH, m, 1 x cyclo-H), 1.80-1.70 (IH,
m, 1 x cyclo-H), 1-69-1.58 (IH, m, 1 x cyclo-H), 1-20 (3H, d, J = 7.2
Hz, CH3);
13C N M R (100 M H z ) 8 144.1 (Ar-Ci), 143.0 (Cl). 138.0 (Ar-C4),
129.4 (Ar-C2_6), 127.2 (Ar-C3.5). 126.3 (CD, 50.1 (N-CH), 32.0
(CH2), 31.3 (CH2), 23.0 (CH2), 21.5 (Ar-CH3), 20.9 (CH3);
M S (ES + ve) m/z 266 (M+H+, 20%), 109 (20), 95 (100);
H R M S calcd for Ci 4 Hi 9 N0 2 S: 265.11362, found: 265.11365;
ee = 88%;
[a] D 24 -29.2 o (c 0.12, CHC13).

(S)-iV-[l-(l-Cyclohexenyl)ethyI)]-4-methyI-benzene
sulfonamide

(145a)

The title compound was obtained as a pale yellow oil (440 mg
overall yield) after purification by column chromatography (15%
ethyl acetate/hexane) using the general procedure described above
for the synthesis of (129), except that crude (122a) (1.73 mmol)
was used instead of (87b).
!H N M R (400 M H z ) 8 7.71 (2H, d, J = 8.0 Hz, Ar-Hl_), 7.27 (2H, d,
J = 8.0 Hz, Ar-Hi_), 5.44 (IH, s, H2), 4.61 (IH, br, NH), 3.83 (IH, br.
pent, J = 6.8 Hz, N-CH), 2.42 (3H, s, Ar-CHi), 1-84-1.75 (3H, m, 3 x
cyclo-H), 1-65-1.60 (IH, m, cyclo-H), 1.49-1.44 (IH, m, cyclo-H),
1.39-1.31 (2H, m, 2 x cyclo-H), 1-24-1.19 (IH, m, cyclo-H), 1-15 (3H,
d, J = 6.8 Hz, CHi);
!3C N M R (100 M H z ) 8 142.9 (Ar-Ci), 138.1 (Ar-C4), 136.8 (Ci),
129.3 (Ar-C2.6). 127.3 (Ar_l_), 123-9 (C2), 55.5 (N-CH), 24.8
(CH2), 23.5 (CH2), 22.1 (CH2), 22.0 (CH2), 21.5 (Ar-CH3), 20.4 (CH 3 );
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MS (ES + ve) m/z 280 (M+H+, 37%), 264 (12), 198 (10), 172 (8)
155 (15), 124 (14), 109(100);
H R M S calcd for Ci 5 H 2 iN0 2 S: 279.12927, found: 279.12896;
ee = 88%;
[a] D 22 -8.0 0 (C o.2, CHC13).

(S) -Methyl Ar-[l-(l-cyclohexenyl)ethyl)]carbamate (145b)

The title compound was obtained as a pale yellow oil (92 mg,
overall yield) after purification by column chromatography (10%
ethyl acetate/hexane) using the general procedure described above
for the synthesis of (129), except that crude (122b) (1.26 mmol)
was used instead of (87b).
iH N M R

(400 M H z ) 8 5.60 (IH, br, H D , 4.61 (IH, br, N H ) , 4.11

(IH, br, N-CH), 3.66 (3H, s, CO-CH3J, 2.03-1.86 (4H, m 4 x cyclo-H),
1.65-1.53 (4H, m, 4 x cyclo-H), 1-22 (3H, d, J = 7.2 Hz, CH3);
13C N M R (100 M H z ) 8 156.2 (C=0), 138.5 (Ci), 121.2 (CD, 51.7
(N-CH), 51.6 (CO-CH3), 25.2 (CH2), 24.8 (CH2), 22.6 (CH2), 22.3 (CH2),
19.7 (CH3);
M S (ES + ve) m/z 184 (M+H+, 60%), 109 (50), 104 (100);
H R M S calcd for Ci 0 Hi 7 NO 2 : 183.12591, found: 183.12625;
ee = 34%;
[a] D 25 -26.7 o (C 0.6, CHCI3).

(S)-A^-[(2-Ethylidene)cyclohexyl]-4-methylbenzene
sulfonamide

(146)

A solution of (122a) (440 mg, 1.1 mmol) in dry THF (10 mL) un
N 2 was heated to reflux for 6 hr and the solvent was removed. The
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crude products were purified by column chromatography on silica
gel. Elution with 10% ethyl acetate / hexane gave

a mixture (225

mg, 73%, 45 : 55) of (145a) and (146). Compounds (145a) and
(146) could be separated by preparative HPLC (1% ethyl acetate /
hexane). Compound (145a) had spectral data identical to those of
(145a) that was prepared from the palladium catalysed reaction of
(122a) described above.
(146): *H N M R

(400 M H z ) 8 7.72 (2H, d, J = 8.0 Hz, Ar-H2.6).

7.27 (2H, d, J = 8.0 Hz, Ar-Hii), 5.23 (IH, q, J = 6.4 Hz, C=CH), 4.57
(IH, d, J = 7.6 Hz, NH), 3.74 (IH, br, Hi), 2.42 (3H, s, Ar-CHa), 2.112.05 (IH, m, cyclo-H), 1.97-1.91 (IH, m, cyclo-H), 1-66-1.58 (2H, m,
2 x cyclo-H), 1.45 (3H, d, J = 6.4 Hz, CH3), 1-54-1.36 (5H, m, 5 x
cyclo-H);
13C N M R (100 M H z ) 8 143.0 (Ar-Ci), 138.1 (Ar-C4), 137.1 (C2),
129.3 (Ar-C2.6). 127.1 (Ar-C_5), 117.9 (C=CH), 57.5 (Cl), 34.8 (CH2),
26.5 (CH2), 25.5 (CH2), 23.1 (CH2), 22.6 (CH2), 21.5 (Ar-CH3);
M S (ES + ve) m/z 280 (M+H+, 35%), 172 (10), 155 (13), 124 (18),
109(100);
H R M S calcd for Ci 5 H 2 iN0 2 S: 279.12927, found: 279.12937;
ee 87%
[a] D 27 -25.9 o (C 0.6, CHC13).

(#)-N-[l-(l-Cyclohexyl)ethyl]-4-methylbenzene
sulfonamide

(„)-(147)

(fl)-(-)-CycIohexylethylamine (100 mg, 0.8 mmol) was dissol
pyridine (2 mL) and tosyl chloride (150 mg, 0.8 mmol) was added
in portions at 0 °C. The reaction mixture was allowed to warm to rt
and was stirred overnight.

Water was added and the mixture was
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extracted with D C M

(2 x 15 m L ) .

The combined extracts were

washed with a 1 0 % aqueous solution of HC1 (10 m L ) , water (2 x 10
m L ) then dried (MgS0 4 ) and concentrated to give the crude product
that was purified with column chromatography. Elution with 2 5 %
ethyl acetate / hexane gave (+)-(147) (185 mg, 84%).
iH N M R (300 M H z ) 8 7.75 (2H, d, J = 8.4 Hz, Ar-H2.6). 7.29 (2H, d,
J = 8.4 Hz, Ar-H3.5). 4.35 (IH, d, J = 8.7 Hz, N H ) , 3.15 (IH, m, H i ) ,
2.43 (3H, s, Ar-CHi), 1-74-1.50 (5H, m, 5 x cyclo-H), 1.30-0.80 (6H,
m, 6 x cyclo-H), 0.93 (3H, d, J = 6.9 Hz, C H 2 ) ;
13

C NMR

(100 M H z ) 8 142.9 (Ar-Ci), 138.3 (Ar-C4). 129.4 (Ar-

C _ 6 ) , 126.9 (Ar-C3.5). 54.3(C1). 43.4 (cyclo-CH), 28.6 (CH 2 ), 28.4
(CH 2 ), 26.2 (CH 2 ), 26.1 (CH 2 ), 21.4 (Ar-CH3), 18.1 (CH 3 );
M S (ES + ve) m/z 282 (M+H+, 100%), 172 (20), 111 (40);
H R M S calcd for C i 5 H 2 3 N 0 2 S : 281.14492, found: 281.14488;
[a]D22+24.0 o (C 0.5, CHC1 3 ).

(S)-iV-[l-(l-Cyclohexyl)ethyl]-4-methyl-benzene
sulfonamide

(5)-(147)

A solution of (145a) (50 mg, 0.18 mmol) in ethyl acetate (2 mL)
and CHCI3 (0.2 m L ) at rt was stirred overnight in the presence of
1 0 % palladium on carbon (10 mg) under an atmosphere of H 2 . The
mixture was filtered through a bed of celite 521 and the celite was
washed

with

ethyl

acetate

(200

mL).

The

washings

were

concentrated and the crude product was purified by preparative
T L C to give (-) -(147) (4 mg, 8%). The lH N M R of this compound
was identical to (R)-(+)-(U7) above; [a] D 2 3 -10.0 o (c 0.4, CHCI3).
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(S)-(+)-iV-Tosyl-S-butyl-S-phenylsulfoximine (157)

To a solution of (5)-(+)-A/"-tosyl-5-methyl-5-phenylsulfoximine (3
(464 mg, 1.5 mmol, [ a ] D 2 3 +35, c 1.06, in acetone, 9 7 % ee) in dry
T H F (6 m L ) at -78 °C was added rc-BuLi (1.65 mmol, 1.4 m L , 1.2 M
in hexane). The reaction mixture was stirred for 40 min and was
treated with bromopropane (0.3 m L , 2.2 mmol) at -78 °C. The
reaction was then warmed

to rt and was stirred overnight. A

saturated solution of aqueous NH 4 C1 (0.2 m L ) was then added at rt
followed by water (15 mL). The mixture was extracted with D C M (2
x 30 m L ) and the combined extracts were dried ( M g S 0 4 ) and
evaporated

and

the

chromatography

on

crude
silica

product

was

gel.

Elution

purified
with

by
25%

column
ethyl

acetate/hexane gave the title product (335 mg) in 6 7 % yield.
m.p. 96-97 °C;
iH N M R

(400 M H z ) 8 7.98-7.96 (2H, m, Ts-H2,6), 7.85-7.83 (2H,

m, Ts-H3.5). 7.72-7.68 (IH, m, Ar-H4), 7.62-7.58 (2H, m, A r - H _ i ) ,
7.24 (2H, d, J = 8.0 Hz, Ar-H2.6). 3.55-3.38 (2H, m, 2 x Hi), 2.38 (3H,
s, TS-CH3J, 1-68-1.56 (2H, m, 2 x H2), 1.34 (2H, dq, J = 7.6, 7.2 Hz, 2
x Hi), 0.85 (3H, t, J = 7.2 Hz, 3 x H4);
M S (ES + ve): m/z 352 (M+H+, 100%), 288 (10);
Anal calcd for C i 7 H 2 i N 0 3 S 2 : C, 58.09; H, 6.02; N, 3.98. Found: C,
57.89; H, 6.15; N, 3.84%.
[ a ] D 2 3 +95.5 (c 1.7, acetone).
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N-Tosyl-S-benzyl-S-methylsulfoximine (158)

To a solution of S-benzyl-S-methylsulfoximine (159)108 (200 mg,
1.2 mmol) in pyridine (3 m L ) was added p-toluenesulfonyl chloride
(228 mg, 1.2 mmol) in portions at 0 °C. The reaction mixture was
then warmed to rt and was stirred overnight. The mixture was
treated with water (20 m L ) and was extracted with D C M

(2 x 15

mL). The combined extracts were washed with a solution of 1 0 % HC1
(2 x 10 m L ) and water (2 x 10 m L ) , dried (MgS0 4 ) and evaporated
to give the title product (370 mg, 97%).
m.p. 109-110 oc, (liti64 m.p. 128-129 °C);
iH N M R (300 M H z ) 8 7.86-7.83 (2H, m, Ts-H2_), 7.49-7.46 (2H,
m, TS-H3.5). 7.44-7.40 (3H, m, Ar-H3.4.5). 7.27-7.24 (2H, d, J = 7.5
Hz, Ar-H2.6). 4.78 (IH, d, J = 14.1 Hz, S-CHaHb), 4.71 (IH, d, J = 14.1
Hz, S-CHaHb), 3.04 (3H, s, S-CH3), 2.39 (3H, s, TS-CH3).

Synthesis of Cyclopropanes and Michael Adducts

3-(2'-Phenylethenyl)-2-phenylcyclopropyl phenyl ketone
(163a) and

(163b)

To a solution of sulfoximine (111) (105 mg, 0.25 mmol) in
anhydrous T H F (3 m L ) at -78 °C under N 2 was added rc-BuLi (1.2
mmol, in hexane). The reaction was stirred for 30 min and then
chalcone (162a) (63 mg, 0.3 mmol, in T H F (1 mL)) was then added
at -78 °C. The reaction mixture was stirred for 20 min and then
quenched by the addition of A c O H (0.01 m L ) and then a saturated
solution of aqueous N H 4 C 1 (0.2 m L ) at -78 oc. Water (15 m L ) was
added and the mixture was extracted with D C M

(2 x 20 m L ) . The
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combined extracts were dried (MgS0 4 ) and evaporated and the
crude reaction product was purified by column chromatography on
silica gel. Elution with 8% ethyl acetate/hexane gave a mixture of
the title compounds (163a,b) as a colourless oil (71 mg, 87%, d. r. =
55 : 45). The disatereoisomers could be separated by preparative
HPLC with 0.2% ethyl acetate/hexane as eluent.
*H N M R (400 M H z ) (163a) 8 8.02-8.00 (2H, m, COAr-H2_), 7.577.52 (IH, m, COAr-H4), 7.48-7.44 (2H, m, COAr-H_5), 7.35-7.31 (4H,
m, Ar-H3.5 + C3Ar-Hii), 7.26-7.23 (5H, m, Ar-H2.6 + C3Ar-H2.4.6).
7.19-7.15 (IH, m, Ar-H4), 6.62 (IH, d, J = 16.0 Hz, CH=CHPh), 6.37
(IH, dd, J = 16.0, 9.2 Hz, CH=CHPh), 3.37 (IH, dd, J = 9.2, 5.6 Hz, Hi),
3.26 (IH, dd, J = 6.0, 6.0 Hz, RT), 2.75 (IH, ddd, J = 9.2, 9.2, 6.4 Hz,
Hi); (163b) 8.08-8.06 (2H, m, COAr-H2,6). 7.62-7.58 (IH, m, COArH4). 7.53-7.49 (2H, m, COAr-H3.5). 7.35-7.34 (4H, m, Ar-H3.5 +
C3Ar-H_5), 7.24-7.17 (6H, m, Ar-H2.4.6 + C3Ar-H2.4.6). 6.64 (IH, d,
J = 15.6 Hz, CH=CHPh), 5.72 (IH, dd, J = 15.6, 9.6 Hz, CH=CHPh), 3.35
(IH, dd, J = 9.6, 5.2 Hz, Hi), 3.30 (IH, dd, J = 5.2, 4.4 Hz, H2), 2.82
(IH, ddd, J = 9.6, 9.6, 4.4 Hz, H3);
13C N M R (75 M H z ) (163a) 8 196.4 (C=0), 139.7 (C3Ar-Ci), 138.4
(COAr-Ci), 137.1 (Ar-Ci), 132.9 (C3Ar-C4), 132.0 (COAr-C4), 128.6
(C3Ar-C_5), 128.5 (COAr-C2.6). 128.47 (CSAr-Cl^), 128.14 (COArC3.5). 127.2 (Ar-C3.5). 126.7 (Ar-C4). 126.5 (CH=CHPh), 126.1
(CH=CHPh), 125.8 (Ar-C2.6). 37.7 (Ci), 35.7 (C2), 33.3 (Ci); (163b)
197.8 (C=0), 137.7 (C3Ar-Ci), 136.96 (COAr-Ci), 136.4 (Ar-Ci),
133.1 (C3Ar-C4), 132.3 (COAr-C4), 129.2 (C3Ar-C_5), 128.7 (COArC2.6). 128.49 (C3Ar-C2_J, 128.45 (COAr-C3.5). 128.1 (Ar-C_5),
127.3 (Ar-C2.6). 126.9 (Ar-C4), 126.6 (CH=CHPh) 125.9 (CH=CHPh),
36.0 (Ci), 35.0 (C2), 32.6 (Ci);

Chapter 6

204

M S (EI + ve): m/z 324 (M+, 10%), 219 (95), 105 (100), 91 (50), 77
(40);
H R M S : calcd for C 24 H 2 oO: 324.15142, found: 324.15101.

(3JR*,

4R*, SS*)-l,3,4-Triphenyl-4-(iV-tosyl-S-methyl

sulfoximidoyl)-l-butanone

(166)

The title compound was prepared from the sulfoximine (158) (7
mg, 0.23 mmol) and chalcone (162a) (58 mg, 0.28 mmol, in THF (1
mL)) using the general procedure used for the preparation of
(163). The title compound was obtained as a colourless solid (85
mg, 72%, d. r. = 99 : 1) after purification by column chromatography
with 3 0 % ethyl acetate/hexane as eluent.
m.p. 130-132 oC;
lH N M R (400 M H z ) 8 7.73-7.71 (2H, m, Ts _ 2 _ ) , 7.66-7.64 (2H,
m, Ts-H3.5). 7.49-7.45 (IH, m, COAr-Hi), 7.41-7.31 (8H, m, 4 x
COAr-H + C2Ar-H3.4.5 + C3Ar-H4), 7.20-7.15 (4H, m, 2 x C2Ar-HD6
+ 2 x C3Ar-H3.5). 7.13 (2H, d, J = 8.0 Hz, 2 x ArC3-H2_), 4.70-4.65
(2H, m, Hi, HI), 3.38 (IH, dd, J = 17.2, 9.6 Hz, H2a). 3.26 (IH, dd, J =
17.2, 2.4 Hz, H2b). 2.81 (3H, s, S-CH3), 2.29 (3H, s, Ts-CHi);
!3C N M R (75 MHz) 8 196.6 (C=0), 142.5 (Ts-Ci), 140.8 (S-Ar-Ci),
139.3 (Ar-C), 136.7 (Ar-C), 133.0 (Ar-C), 130.7(Ar-C), 130.1 (Ar-C),
129.5 (Ar-C), 129.2 (Ar-C), 129.1 (Ar-C), 128.9 (Ar-C), 128.7 (Ar-C),
128.5 (Ar-C), 127.8 (Ar-C), 127.7 (Ar-C), 126.5 (Ar-C), 76.1 (C4),
43.1 (Ci), 41.39 (S-CH3), 41.35 (C2), 21.4 (Ts-CH3);
M S (ES + ve) m/z 570 (M+K+, 30%), 554 (M+Na+, 50), 530 (M+H+
30), 393 (20), 230 (100), 105 (70);
Anal, calcd for C 3 0 H 2 9 N O 4 S 2 : C, 67.72; H, 5.50; N, 2.64. Found: C,
67.18; H, 5.67; N, 2.31%.
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N-Tosyl-S-methyl-S-[a-(3-oxo-cyclohexyl)phenylmethyl]
sulfoximine

(168)

The title compound was obtained as a colourless oil (80 mg,
r. = 61 : 39) after purification by column chromatography (20-35%
ethyl acetate/hexane) using the general procedure described before
for the synthesis of (166), except that 2-cyclohexenone (162e) (28
mg, 0.29 mmol) was used instead of (162a).
*H N M R

(400 M H z ) (major) 8 7.85 (2H, d, J = 8.4 Hz, Ts-H2.6).

7.46-7.41 (4H, m, Ts-H3.5. Ar-H3.5). 7.37-7.34 (IH, m, Ar-H!),
7.31-7.29 (2H, m, Ar-H2.6). 4.29 (IH, d, J = 5.6 Hz, Ph-CH), 3.062.84 (IH, br, Hi), 2.99 (3H, s, S-CHi), 2.53-2.46 (IH, m, H2a), 2.44
(3H, s, Ts-CHi), 2.36-2.25 (IH, m, H6a). 2.18-2.03 (IH, m, H6b). 2.08
(IH, d, J = 13.2 Hz, H2b), 2.00-1.92 (2H, m, 2 x Hi), 1.64-1.44 (IH,
m, Hia), 1.40-1.30 (IH, m, H4b): (minor) (in part) 4.40 (IH, d, J =
7.2 Hz, Ph-CH), 2.96 (3H, s, S-CH3);
13C N M R (75 M H z ) (major) 8 208.2 (_=0), 143.0 (Ts-Ci), 140.7
(Ar-Ci), 130.42 (Ts-C4), 130.35 (Ts-C_6), 129.8 (Ar-C4), 129.6 (TsC3.5). 129.4 (Ar-C3.5). 126.5 (Ar-C2.6). 74.8 (Ph-CH), 46.1 (C2), 42.2
(S-CH3), 40.81 (C6), 38.1 (Ci), 27.8 (C5), 24.3 (C4), 21.5 (Ts-CH3);
(minor) (in part) 208.6 (C=0), 130.4 (Ar-C), 130.2 (Ar-C), 129.9
(Ar-C), 75.1 (Ph-CH), 44.5 (C2), 42.3 (S-CH3), 40.77 (C6), 38.4 (Ci),
29.8 (C5), 29.7 (C4), 24.2 (Ts-CH3);
M S (ES + ve): m/z 458 (M+K+, 20%), 442 (M+Na+, 30), 437 (M+NH4+,
25), 420 (M+H+, 20), 234(100), 187 (35).
H R M S : calcd for C 2 iH 25 N0 4 S 2 : 419.12247, found: 419.12298.
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2,4-Diphenyl-l-(iV-tosyl-S-phenylsuIfoximidoyl)-3-buten2-ol

(170)

The title compound was obtained as a colourless oil (257 mg,
d. r. = 58 : 42) after purification by column chromatography (20%
ethyl acetate/hexane) using the general procedure described for
the synthesis of (166), except that sulfoximine (3) (155 mg, 0.5
mmol) was used instead of (158).
IH N M R (400 M H z ) (major) 8 7.95 (2H, d, J = 8.4 Hz, Ts-H2.6),
7.72 (2H, d, J = 8.4 Hz, Ts-H3.5). 7.62 (IH, t, J = 7.2 Hz, C2Ar-Hi),
7.50 (2H, t, J = 8.0 Hz, S-Ar-H3.5). 7.44-7.41 (2H, m, C2Ar-H2A6),
7.30-7.22 (6H, m, S-Ar-Hl, C2Ar-Hii, C4Ar-H3.4.5). 7.16-7.14 (2H,
m, C4Ar-H2_), 6.97 (2H, d, J = 8.0 Hz, S-Ar-H2.6), 6.63 (IH, d, J =
16.0 Hz, Hi), 6.46(1H, d, J = 16 Hz, Hi), 5.25 (IH, s, OH), 4.07 (IH, d,
J = 14.8 Hz, Hla), 3.75 (IH, d, J = 14.0 Hz, Hib), 2.22 (3H, s, Ts-CHi);
(minor) (in part) 6.68 (IH, d, J = 16.0 Hz, Hi), 6.38 (IH, d, J = 16.0
Hz, Hi), 4.84 (IH, s, OH), 4.33 (IH, d, J = 14.8 Hz, Hla), 3.96 (IH, dd,
J = 14.8, 2.0 Hz, Hib), 2.32 (3H, s, Ts-CHi);
13C N M R

(75 M H z ) (major) 8 143.2 (Ar-C), 142.9 (Ar-C), 140.2

(Ar-C), 138.9 (Ar-C), 136.2 (Ar-C), 134.3 (Ar-C), 130.9 (Ar-C), 130.1
(Ar-C), 129.7 (Ar-C), 129.2 (Ar-C), 128.7 (Ar-C), 128.4 (Ar-C), 128.2
(Ar-C), 127.9 (Ar-C), 127.8 (Ar-C), 126.8 (Ar-C), 126.5 (Ar-C), 125.0
(Ar-C), 75.4 (Ci), 67.6 (C2), 21.4 (Ts-CH3); (minor) 142.8 (Ar-C),
141.9 (Ar-C), 140.4 (Ar-C), 138.5 (Ar-C), 135.9 (Ar-C), 133.9 (Ar-C),
131.7 (Ar-C), 129.8 (Ar-C), 129.3 (Ar-C), 129.1 (Ar-C), 128.4 (Ar-C),
128.3 (Ar-C), 127.9 (Ar-C), 127.5 (Ar-C), 126.7 (Ar-C), 126.5 (Ar-C),
125.1 (Ar-C), 75.5 (CL), 66.7 (C2), 21.4 (Ts-CH3);
M S (ES + ve) m/z 540 (M+Na+, 15%), 518 (M+H+, 10), 500 (30), 296
(30), 262 (25), 142 (25), 90 (40), 74 (100);
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H R M S : calcd for C 2 9 H 2 7 N0 4 S 2 : 517.13811, found: 517.13635.

(IS*, 2R*, 3S*)-(3-Ethenyl-2-phenyl)cyclopropyl phenyl
ketone

(164a)

To a solution of the sulfoximine (24) (334 mg, 1 mmol) in dr
(3 mL) was added n-BuLi (1.2 equiv) at -78 °C, and the solution
was stirred at -78 °C under N 2 for 40 min. Chalcone (162a) (270
mg, 1.3 mmol) was added, and the solution was stirred for 10 min
at -78 °C. The reaction mixture was then warmed to rt and stirred
for a further 1 h, and then quenched by the addition of a saturated
solution of aqueous NH4CI (0.2 mL). Water (15 mL) was added and
the mixture was extracted with D C M (2 x 20 mL). The combined
extracts were dried (MgS04) and evaporated and the crude product
was purified by column chromatography on silica gel or by HPLC.
Elution with 5 % ethyl acetate/hexane gave the title compound as a
colourless oil (206 mg, 83%, d. r. = 79 : 21). The diastereoisomers
could

be

separated

by

preparative

HPLC

with

0.5%

ethyl

acetate/hexane as a eluent.
IH N M R

(400 M H z ) (major) 8 8.02-7.99 (2H, m, COAr-H2_),

7.58-7.55 (IH, m,COAr-Hi), 7.49-7.45 (2H, m, COAr-H_5), 7.32-7.30
(2H, m, Ar-H3.5). 7.24-7.20 (3H, m, Ar-H2.4.6). 5.90 (IH, ddd, J =
17.2, 10.4, 9.2 Hz, C H = C H 2 ) , 5.28 (IH, ddd, J = 17.2, 1.6, 0.8 Hz,
CH=CHaHb), 5.07 (IH, dd, J = 10.0, 1.6 Hz, CH=CHaHb), 3.26 (IH, dd, J
= 9.2, 5.6 Hz, Hi), 3.15 (IH, br.t, J = 6.0 Hz, H D , 2.60 (IH, ddd, J =
9.2, 9.2, 6.4 Hz, Hi); (minor) 8.07-8.05 (2H, m, COAr-HD6), 7.637.59 (IH, m, COAr-Hi), 7.54-7.50 (2H, m, COAr-Hii), 7.34-7.24 (5H,
m, 5 x Ar-H), 5.32 (IH, m, C H = C H 2 ) , 5.31 (IH, dd, J = 8.0, 0.8 Hz,
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CH=CHaHb), 5.05 (IH, dd, J = 8.8, 3.6 Hz, CH=CHaHb), 3.24 (IH, dd, J =
9.2, 5.2 Hz, Hi), 3.22 (IH, s, H D , 2.70-2.65 (IH, m, Hi);
13

C NMR

(75 M H z ) (major) 8 196.3 (C=0), 139.7 (Ar-Ci), 138.3

(COAr-Ci), 133.8 (Ar-C4), 132.9 (COAr-C4), 128.6 (Ar-C3.5 + COArC2.6). 128.1 (Ar-C2.6). 126.6 (COAr-Cii), 126.4 (CH=CH 2 ), 116.7
(CH=CH 2 ), 37.4 (Ci), 35.5 (C2), 32.4(£i); (minor) 198.1 (C=0), 137.7
(Ar-Ci), 136.4 (COAr-Ci), 134.6 (Ar-C4), 133.0 (COAr-C4), 129.1
(Ar-C3.5). 128.7 (COAr-C2.6). 128.4 (Ar-C2.6). 128.1 (COAr-Cii),
126.8 (CH=CH 2 ), 117.1 (CH=CH2), 35.8 (Ci), 34.7 (CT), 31.8 (Ci);
MS

(EI + ve): m/z 248 (M+, 7%), 221 (10), 105 (100), 77 (50);

H R M S : calcd for C 18 Hi 6 0: 248.12012, found: 248.12085.

(IS, 2R, 3S)-(3-Ethenyl-2-phenyl)cyclopropyl methyl
ketone

(164b)

The title compound was obtained as a colourless oil (84 mg,
r. = 91 : 9) after purification by column chromatography (5% ethyl
acetate/hexane) using the general procedure described above for
the synthesis of (164a), except that enone (162b) (95 mg, 0.65
mmol) was used instead of (162a).
IH N M R

(400 M H z ) (major) 8 7.31-7.27 (2H, m, Ar-H3,5), 7.23-

7.19 (IH, m, Ar-Hi), 7.12-7.10 (2H, m, Ar-H2,6), 5.87 (IH, ddd, J =
17.2, 10.4, 9.6 Hz, CH=CH 2 ), 5.24 (IH, dd, J = 17.2, 1.6 Hz, CH=CI_Hb),
5.07 (IH, dd, J = 10.4, 1.6 Hz, CH=CHaHb), 2.87 (IH, dd, J = 6.0, 6.0
Hz, Hi), 2.60 (IH, dd, J = 8.8, 5.6 Hz, H D , 2.40 (IH, ddd, J = 9.2, 8.2,
6.4 Hz, Hi), 2.30 (3H, s, CH 2 ); (minor) 2.32 (3H, s, CHa);
J

3C N M R (75 M H z ) (major) 8 195.0 (C=0), 139.6 (Ar-Ci), 133.8

(Ar-C4), 128.5 Ar-C3.5). 126.6 C H = C H 2 ) , 126.2 (Ar-C2__), 116.4
(CH=CH 2 ), 38.7 (Ci), 37.0 (C2), 32.8 (Ci), 31.9 (CH3);
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M S (EI + ve): m/z 186 (M+, 17%), 143 (100), 128 (80), 115 (30) 91
(15);
H R M S : calcd for Ci 3 H 14 0: 186.10447, found: 186.10378;
[a] D 27 +36° (c 0.72, acetone).

(IS*, 2S*, 3S*)-(2-Ethenyl-3-methyl)cyclopropyl phenyl
ketone

(164c)

The title compound was prepared using the general procedure
described above for the synthesis of (164a), except that enone
(162c) (95 mg, 0.65 mmol) was used. Compound (164c) was
obtained as a colourless oil (78 mg, 8 4 % d. r. = 84 : 16) after
purification by column chromatography (5% ethyl acetate/hexane).
iH N M R

(400 M H z ) (major) 8 7.97-7.95 (2H, m, Ar-H2.6). 7.56-

7.52 (IH, m, Ar-Hi), 7.48-7.43 (2H, m, Ar-H3.5). 5.74 (IH, ddd, J =
17.2 10.4, 6.8 Hz, CH=CH 2 ), 5.18 (IH, dd, J = 17.2, 2.0 Hz, CH=CHaHb),
4.96 (IH, dd, J = 10.0, 2.0 Hz, CH=CHaHb), 2.70 (IH, dd, J = 8.8, 5.6
Hz, Hi), 2.07-1.99 (2H, m, H I + Hi), 1-23 (3H, d, J = 6.0 Hz, C H 2 ) ;
(minor) 7.98-7.96 (2H, m, Ar-H2.6). 7.56-7.54 (IH, m, Ar-Hi),
7.49-7.45 (2H, m, Ar-H3.5). 5,70 (IH, ddd, J = 17.2, 10.0, 8.8 Hz,
C H = C H 2 ) , 5.28 (IH, ddd, J = 17.2, 2.0, 0.8 Hz, CH=CHaHb), 5.15 (IH,
ddd, J = 10.0, 1.6, 0.4 Hz, CH=CHaHb), 2.49 (IH, br. dd, J = 4.8, 4.4 Hz,
HI). 2.39 (IH, ddd, J = 9.2, 4.4, 4.0 Hz, Hi), 2.2-1.94 (IH, m, H i ) ,
1.24 (3H, d, J = 5.2 Hz, CH3);
13C N M R

(75 M H z ) (major) 8 197.6 (C=0), 138.7 (Ar-Ci), 134.9

(Ar-C4), 132.6 (CH = C H 2 ) , 128.5 (Ar-C2,6), 128.0 (Ar-C_5), 115.6
(CH=CH 2 ), 37.5 (Ci), 34.5 (C2), 23.4 (Ci), 17.6 (CH 3 ); (minor) 198.8
(C=0), 138.1 (Ar-Ci), 134.5 (Ar-C4), 132.7 (CH=CH 2 ), 128.5 (Ar-
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C2.6). 128.0 (Ar-C_5), 117.1 (CH=CH2), 35.0 (Ci), 34.2 (C2), 25.8
(C3), 12.8 (CH3);
M S (EI + ve): m/z 186 (M+, 50%), 171 (85), 128 (60), 106 (85) 77
(100);
H R M S : Calcd for C 13 Hi 4 0: 186.10447, found: 186.10444.

6-Ethenyl-bicyclo[3.1.0]hexexane-2-one (164d)

The title compound was prepared using the general procedure
described above for the synthesis of (164a), except that enone
(162d) (53 mg, 0.65 mmol) was used instead of (162a). The title
compound could not be purified due to its volalility. The following
spectroscopic data were taken on the crude product (d. r. = 71 : 29).
!H N M R (400 M H z ) (major) 8 5.67 (IH, ddd, J = 6.8, 10.4, 17.2Hz,
Ha), 5.38 (IH, ddd, J = 1.2, 1.6, 17.2Hz, Hc), 5.27 (IH, ddd, J = 1.2,
1.6, 10.4Hz, Hb), 1.82-2.32 (7H, m) (minor) 5.35 (IH, ddd, J = 8.4,
10.0, 16.4Hz, Ha), 5.14 (IH, ddd, J = 0.8, 0.8, 16.8Hz, Hc), 4.98 (IH,
dd, J = 1.6, 10.0Hz, Hb).
13C N M R

(75 M H z ) (major) 8 214.3 (C=0), 210.0 (C=0), 136.2

(C=C), 131.4 (C=C), 120.2 (C=C), 114.7 (C=C), 36.3, 36.1, 34.8, 32.3,
30.4, 29.7, 29.1, 28.4, 22.8, 19.6.
M S : (EI + ve) m/z 122 (M+, 5%), 79 (100), 67 (50), 53 (42), 39 (70).

(IS, 4R, 6S, 7/?)-l-Methyl-4-(2-propenyl)-7-ethenyIbicyclo[4.1.0]heptane-2-one

(164f)

The title compound was prepared using the general procedure
described above for the synthesis of (164a), except that enone
(162f) (200 mg, 1.2 mmol) was used instead of (162a). The title
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compound was obtained as a colourless oil (136 mg, 72% d. r
25) after purification by

column

chromatography

(5% ethyl

acetate/hexane).
IH N M R

(300 M H z ) (major) 8 5.73 (IH, ddd, J = 16.8, 10.2, 7.5

Hz, CH=CH 2 ), 5.26 (IH, br. dd, J = 16.8, 1.5 Hz, CH=CI_Hb), 5.20 (IH,
br. dd, J = 10.2, 1.5 Hz, CH=CHaHJl), 4.84 (IH, q, J = 1.2 Hz,
CH 3 C=CHaHb), 4.69 (IH, s, CH 3 C=CHaHb), 2.62-2.54 (IH, m, Hi), 2.40
(IH, ddd, J = 16.8, 6.3, 1.8 Hz, H M ) , 2.22 (IH, dd, J = 16.8, 4.8 Hz,
H3b), 2.22-2.14 (IH, m, H5a). 1.96 (IH, ddd, J = 14.7, 5.1, 3.6 Hz,
Hib), 1. 86 (IH, dt, J = 7.8, 0.9 Hz, HI), 1-75 (3H, t, J = 0.9 Hz,
CHiC=CH 2 ), 1.58 (IH, ddd, J = 11.0, 9.0, 3.6 Hz, H6), 1.26(3H, s, ClCHi); (minor) 5.53 (IH, ddd, J = 17.1, 10.2, 8.1 Hz, C H = C H 2 ) , 5.21
(IH, ddd, J = 17.1, 0.9, 0.6 Hz, CH=CHaHb), 5.13 (IH, ddd, J = 10.2,
0.9, 0.6 Hz, CH=CHaHb), 4.78 (IH, dt, J = 0.9, 0.6 Hz, C=CHaHb), 4.73
(IH, s, C=CHaHb), 1.71 (3H, t, J = 0.9 Hz, CHiC=CH 2 ), 1.21 (3H, s, ClCH3);
13C N M R

(100 M H z ) (major) 8 210.4 (C2), 147.1 (CH 3 C = C H 2 ) ,

132.3 (CH=CH 2 ), 119.4 (CH=CH 2 ), 110.9 (CH 3 C=CH 2 ), 43.8 (Ci), 40.8
(C4), 36.5 (CT), 32.4 (Ci), 29.3 (C6), 23.7 (Ci), 21.8 (=CCH 3 ), 21.5
(C1-CH3);
M S (ES + ve): m/z

191 (M+H+, 100%), 149 (80), 125 (40), 83 (50);

H R M S : calcd for Ci3Hi80: 190.13575, found: 190.13384;
[a] D 2 5 -229 ° (c 1.10, acetone).

2,3-fra«s-Diphenylcyclopropyl phenyl ketone (167)

The title compound was prepared using the general procedure
described

above

for the

synthesis

of (16 4a),

except that

sulfoximine (158) (75 mg, 0.23 mmol) was used instead of (24).
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The title compound was obtained as a colourless solid (66 mg
d. r. = 99 : 1) after purification by column chromatography (10%
ethyl acetate/hexane).
m.p. 142-144 oc (lit.108 148-149 °C);
IH N M R

(400 M H z ) 8 7.97-7.94 (2H, m, COAr-HD6), 7.55-7.50

(IH, m, COAr-H4), 7.46-7.41 (2H, m, COAr-Hii), 7.35-7.29 (4H, m, 2
x Ar-H_i), 7.28-7.16 (6H, m, 2 x Ar-H2.4.6). 3.62 (IH, dd, J = 6.8,
5.6 Hz, Hi), 3.38 (IH, dd, J = 9.6, 5.6 Hz, Hi), 3.28 (IH, dd, J = 9.6,
7.2 Hz, H2);
13C N M R (75 M H z ) 8 195.0 (C=0), 140.0 (C3Ar-Ci), 138.4 (COArCi), 135.5 (C2Ar-Ci), 132.7 (C3Ar-C4), 129.1 (COAr-C4), 128.6
(C3Ar-C3.5). 128.5 (COAr-CD6), 128.2 (C3Ar-C2.6 + C2Ar-C_5),
128.1 (COAr-C3.5). 126.9 (C2Ar-C2_), 126.7 (C2Ar-C4), 37.9 (Ci),
36.5 (Ci), 29.9 (C2);
M S (EI + ve): m/z 298 (M+, 10%), 193 (65), 115 (45), 105 (100), 77
(40);
H R M S : calcd for Ci 4 H 18 0: 298.13575, found: 298.13561;
Anal: calcd for Ci4Hi80: C, 88.55; H, 6.08. Found: C, 88.46; H, 6.04%.

(IJR*,

6R*, 7/<*)-7-Phenyl-bicyclo[4.1.0]heptane-2-one

(169)

The title compound was prepared using the general procedure
described above for the synthesis of (167), except that enone
(162e) (28 mg, 0.29 mmol) was used instead of (162a). The title
compound was obtained as a colourless oil (31 mg, 7 1 % d. r. = 60 :
40) after purification by
acetate/hexane).

column

chromatography

(5% ethyl
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IH N M R

(400 M H z ) (major) 8 7.30-7.25 (2H, m, Ar-H3.5). 7.22-

7.16 (IH, m, Ar-H4), 7.09-7.06 (2H, m, Ar-H2.6). 2.66 (IH, br. dd, J
= 4.8, 4.4 Hz, Hi), 2.39 (IH, ddd, J = 18.6, 5.2, 4.8 Hz, H_J, 2.20-2.12
(2H, m, H I + H3b). 2.10-2.07 (4H, m, 3 x H 6 + 2 x cyclo-H), 2.04-2.00
(IH, m, cyclo-H), 1.84-1.77 (2H, m, 2 x cyclo-H);
13C N M R (100 M H z )

(major) 8 206.6 (C=0), 139.6 (Ar-Ci), 128.5

(AT-C3.5). 126.5 (Ar-C4), 126.0 (Ar-C2.6). 37.1 (Ci), 36.9 (Ci), 27.9
(Cl), 26.8 (C6), 21.3 (C4), 18.7 (C5);
M S (EI + ve): m/z

186 (M+, 45%), 130 (100), 115 (50), 77 (25);

H R M S : calcd for Ci3Hi40: 186.10445, found: 186.10492.

(IS, 2S)-2-Phenylcyclopropyl phenyl ketone (171a)

The title compound was prepared using the general procedure
described

before

for the synthesis

of (16 4a),

except that

sulfoximine (5)-(+)-(3) (155 mg, 0.5 mmol) was used instead of
(24). The title compound was obtained as a colourless solid (102
mg, 9 2 % d. r. = 99 : 1) after purification by column chromatography
(5% ethyl acetate/hexane).
m.p. 60-62 oc (lit.JOS 66-70 o Q ;
lH N M R (400 M H z ) 8 8.01-7.99 (2H, m, COAr-H2_.), 7.56-7.54
(IH, m, COAr-Hl), 7.48-7.44 (2H, m, COAr-Hii), 7.34-731 (2H, m,
Ar-H3.5). 7.25-7.23 (IH, m, Ar-Hi), 7.20-7.18 (2H, m, Ar-H_6),
2.91 (IH, ddd, J = 8.0, 5.2, 4.1 Hz, Hi), 2.71 (IH, ddd, J = 9.2, 6.8, 4.0
Hz, H D , 1.94 (IH, ddd, J = 9.2, 5.2, 4.0 Hz, H3a), 1.57 (IH, ddd, J =
8.0, 6.8, 4.0 Hz, H3b):
13C N M R (75 M H z ) 8 198.5 (C=0), 140.5 (Ar-CL), 137.7 (COAr-Ci),
132.8 (COAr-C4), 128.6 (Ar-C3.5 + COAr-CD6), 128.1 (COAr-£__),
126.6 (Ar-C4), 126.2 (Ar-C_5), 29.9 (CL), 29.2 (C2), 19.1 (Ci);
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M S (EI + ve): m/z 222 (M+, 35%), 115 (25), 105 (100);
H R M S : calcd for Ci6Hi40: 222.10445, found: 222.10378;
[a] D 2 7 -388 o (C 0.55, acetone) (lit.1* + 390.50).

(IS*, 2S*)-2-Methylcyclopropyl phenyl ketone (171c)

The title compound was prepared using the general procedure
described above for the synthesis of (171a), except that enone
(162c) (95 mg, 0.5 mmol) was used instead of (162a). The title
compound was obtained as a colourless oil (76 mg, 95% d. r. = 98 :
2) after purification

by

column

chromatography

(5% ethyl

acetate/hexane).
IH N M R (400 M H z ) 8 8.00-7.98 (2H, m, Ar-H2.6). 7.57-7.53 (IH,
m, Ar-Hi), 7.48-7.45 (2H, m, Ar-H3.5). 2.40 (IH, ddd, J = 8.4, 4.4,
4.0 Hz, Hi), 1.64-1.57 (IH, m, H D , 1.49 (IH, ddd, J = 8.4, 8.0, 7.2, 3.2
Hz, Hla) 1.22 (3H, d, J = 6.0 Hz, C H ^ , 0.89 (IH, ddd, J = 8.0, 6.0, 3.2
Hz, H3b);
13C N M R (75 M H z ) 8 200.0 (C=0), 138.0 (Ar-Ci), 132.5 (Ar-C4),
128.4 (AT-CT6). 127.9 (Ar-C3.5). 26.3 (Ci), 21.3 (Ci), 20.1 (C2),
18.2 (CH3);
M S (EI + ev): m/z 160 (M+, 25%), 105 (100), 77 (65), 51 (30);
H R M S : calcd for CnHi 2 0: 160.08880, found: 160.08816.

(5/c)-5-(2-PropenyI)-2-methyl-l-[(iV-tosyl-Sphenylsulfoximidoyl)methyl]-2-cyclohexen-l-oI

(175)

The title compound was prepared using the general procedure
described before for the synthesis of (86), except that sulfoximine
(3) (155 mg, 0.5 mmol) and enone (162f) (90 mg, 0.6 mmol) were
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used instead of (85). The title compound

was obtained as a

colourless oil (193 mg, 8 4 % d. r. = 54 : 46) after purification by
column chromatography (25% ethyl acetate/hexane).
!H N M R

(300 M H z ) (major) 8 8.03-8.00 (2H, m, Ar-Hi_), 7.81

(2H, d, J = 8.1 Hz, Ts-H2.6). 7.71-7.66 (IH, m, Ar-Hi), 7.62-7.57 (2H,
m, Ar-H2.6). 7.23 (2H, dd, J = 8.1, 0.6 Hz, Ts-H3.5). 5.48 (IH, broad,
Hi), 4.71-4.69 (2H, m, 2 x Hil), 4.03 (IH, d, J = 14.4 Hz, S-CHaHb),
3.52 (IH, dd, J = 14.4, 1.5 Hz, S-CHaHb), 3.15 (IH, s, OH), 2.59 (IH,
ddd, J = 12.9, 1.2, 0.9 Hz, H6a). 2.45-2.35 (IH, m, Hi), 2.40 (3H, s,
Ts-CHi), 2.17-2.06 (IH, m, H4a). 1.96-1.84 (IH, m, Hib), 1.67 (3H, s,
C2-CH 2 ), 1-63 (IH, dd, J = 12.9, 1.5 Hz, H6b). 1.59 (3H, dt, J = 1.5, 1.2
Hz, 3 x H3'): (minor) 8.02-8.00 (2H, m, Ar-H3.5), 7.81 (2H, dt, J =
8.4, 1.8 Hz, Ts-H3.5). 7.72-7.67 (IH, m, Ar-Hi), 7.63-7.57 (2H, m,
Ar-H2.6). 7.25 (2H, dd, J = 7.8, 0.9 Hz, Ts-H2.6). 5.45 (IH, broad,
Hi), 4.60 (IH, t, J = 1.2 Hz, H_a), 4.51 (IH, s, O H ) , 4. 44 (IH, m,
Hl_), 3.88 (IH, dd, J = 14.4, 1.5 Hz, S-CHaHb), 3.44 (IH, d, J = 14.4
Hz, S-CHaHb), 2.40 (3H, s, Ts-CHa), 2.36 (IH, ddd, J = 12.9, 1.8, 1.8
Hz, H6a), 2.10-1.98 (2H, m, H4a, Hi), 1.92-1.80 (IH, m, H4b), 1.67
(3H, s, C2-CH3), 1-58 (IH, dd, J = 12.9, 1.5 Hz, H6b), 1-53 (3H, s, 3 x

Hi);
13C N M R (75 M H z ) (major) 8 147.6 (Ar-C), 142.8 (Ar-C), 140.7
(Ar-C), 140.0 (Ar-C), 135.4 (Ar-C), 134.1 (Ar-C), 129.6 (Ar-C), 129.5
(Ar-C), 129.2 (Ar-C), 127.9 (Ar-C), 126.8 (Ar-C), 126.5 (Ar-C), 109.8
(CT), 74.4 (Ci), 63.6 (S-CH2), 39.4 (C6), 38.7 (C5), 30.8 (Ci), 21.5
(Ts-CH3), 20.3 (Ci.), 16.4 (C2-CH3); (minor) 147.4 (Ar-C), 143.0
(Ar-C), 140.5 (Ar-C), 139.4 (Ar-C), 136.1 (Ar-C), 134.4 (Ar-C), 129.8
(Ar-C), 129.3 (Ar-C), 127.9 (Ar-C), 126.7 (Ar-C), 125.9 (Ar-C), 109.2
(CT), 74.1 (Ci), 62.7 (S _ H 2 ) , 39.1 (C6), 38.6 (C5), 30.6 (C4), 21.4
(Ts-CH3), 20.2(Ci), 16.6 (C2-CH3);
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MS (EI + ve): m/z 459 (M+, 10%), 316 (20), 296 (90), 278 (100);
H R M S : calcd for C 2 4 H 2 9 N0 4 S 2 : 459.15376, found: 459.15234.

(IR, 4R, 6S)-l-Methyl-4-(2-propenyl)-bicyclo[4.1.0j
heptane-2-one

(176a) and

(IS, 4R, 6R)-(176b) and

(IR, 3S,

4R, 6S, l'R, 2'S, 5'fl)-l-Methyl-3-[2'-methyl-3'-oxo-5'-(2propenyl)-cyclohexyl]-4-(2-propenyl)-bicyclo[4.1.0]
heptan-2-one

(177)

The title compounds were prepared using the general procedur
described before for the preparation of (171a), except that enone
(162f) (90 mg, 0.6 mmol) was used instead of (162a). The title
compounds (176a) (39 mg, 4 2 % d. r. = 73 : 27) and (177) (39 mg,
25%, d. r. = 99 : 1) were isolated as a colourless oils after
purification

by

column

chromatography

(10%

ethyl

acetate/hexane).

(176):
lH N M R (400 M H z ) (176a) 8 4.76 (IH, t, J = 1.2 Hz, CH 3 C=CHaHb),
4.72 (IH, s, CH 3 C=CHaHb), 2.48-2.25 (IH, m, Hi), 2.42 (IH, ddd, J =
18.0, 5.2, 0.8 Hz, H3a), 2.17-1.96 (IH, m, H5a). 2.02 (IH, dd, J = 17.2,
6.0 Hz, H3b), 1.91-1.79 (IH, m, H5b), 1.70 (3H, s, C H 2 C = C H 2 ) , 1-57
(IH, ddd, J = 8.0, 5.6, 2.8 Hz, H6), 1-37 (IH, dd, J = 5.6, 5.2 Hz, Hla),
1.23 (3H, s, CI-CH3), 0.86 (IH, dd, J = 8.0, 5.6 Hz, H7b); (176b) 4.88
(IH, s, CH 3 C=CHaHb), 4.74 (IH, t, J = 1.6 Hz, CH 3 C=CHaHb), 1.72 (3H,
s, =CCH 2 ), 1-25 (3H, s, CI-CH3), 0.99 (IH, d, J = 6.8 Hz, H7a);
13C N M R (75 M H z ) 8 (176a) 210.1 (C=0), 147.1 (CH 3 C=CH 2 ), 110.1
(CH 3 C=CH 2 ), 41.8 (Ci), 36.7 (Ci), 29.2 (Ci), 27.0 (C5), 25.2 (C6), 20.5
(CH 3 C=CH 2 ), 19.7 (CI-CH3), 17.6 (C7);
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M S (EI + ve): m/z 164 (M+, 95%), 149 (40), 96 (60), 68 (100), 41
(50);
H R M S : calcd for CnHi 6 0: 164.12010, found: 164.12037.
(177):
iH N M R (400 MHz) 8 4.83-4.82 (2H, m, C4-C=CH 2 ), 4.77 (IH, t, J =
1.2 Hz, C'4-C=CHaHb), 4.69 (IH, s, C4-C=CHaHb), 2.52-2.35 (4H. m,
C3-H, C'2-H, C'4-HaHb). 2.30-2.15 (3H, m, C4-H, C'5-H, C6-Ha), 1-991.95 (3H, m, C5-HaHb. C'6-Hb), 1.71 (3H, s, C'5-CCHa), 1-62-1.55 (IH,
m, C6-H), 1.50 (IH, dd, J = 6.4, 6.4 Hz, C7-Ha), 1.19 (3H, s, Cl-CHa),
1.18 (3H, d, J = 9.2 Hz, C'2-CHi), 0.85 (IH, dd, J = 10.4, 6.4 Hz, C7-

Hb);
13C N M R (75 M H z ) 8 212.4 (C=0), 209.7 (C=0), 147.7 (C = C H 2 ) ,
145.8 (C=CH 2 ), 113.2 (C=CH2), 110.3 (C=CH 2 ), 47.0 (2 x CH), 44.0
(CH2), 42.0 (CH), 40.7 (CH), 39.8 (CH), 30.8 (C), 30.2 (CH2), 27.3 (CH2),
25.6 (CH), 20.5 (CH3), 20.1 (CH3), 18.5 (CH3), 16.7 (CH2), 12.5 (CH3);
M S (EI + ve) m/z 314 (M+, 35%) 164 (75), 150 (100), 135 (80), 122
(100), 109 (70), 55 (80);
H R M S : calcd for C2iH3o02: 314.22455, found: 314.22488;
[a] D 2 6 -46° (c 0.48, acetone).

(3S, 4R , SS) l,3-Diphenyl-4-(iV -tosyl-S -phenyl
sulfoximidoyl)heptan-l-one

(178a)

The title compound was prepared using the general procedure
described before for the synthesis of (86), except that sulfoximine
(157) (351 mg, 1 mmol), and the enone (162a) (270 mg in 3 m L of
THF, 1.3 mmol) were used instead of (24) and (85) respectively,
and the reaction was stirred for 30 min at -78 °C. The title
compound was obtained as a colourless solid (381 mg, 6 8 % d. r. = 98
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: 2) after purification by column chromatography

(20% ethyl

acetate/hexane).
m.p. 178-180 °C;
IH N M R

(400 M H z ) (major) 8 7.96-7.94 (2H, m, Ts-H2,6), 7.90-

7.88 (2H, m, Ts-H3.5). 7.79-7.77 (2H, m, COAr-H_6), 7.70-7.66 (IH,
m, S-Ar-Hi), 7.60-7.56 (3H, m, S-Ar-H3.5 + COAr-Hi), 7.46 (2H, t, J
= 7.6 Hz, COAr-H_5), 7.21-7.16 (3H, m, C2Ar-H3.4.5). 7.13-7.10 (2H,
m, C2Ar-HD6), 7.07 (2H, d, J = 7.6 Hz, S-Ar-H2_), 4.51 (IH, ddd, J =
10.0, 3.2, 2.8 Hz, Hi), 3.79 (IH, dd, J = 18.0, 4.0 Hz, H2a), 3.56 (IH,
dd, J = 18.0, 6.4 Hz, H2b). 3.44 (IH, ddd, J = 8.0, 5.2, 2.4 Hz, Hi), 2.21
(3H, s, TS-CH3), 1.85-1.76 (IH, m, H5a). 1.72-1.64 (IH, m, Hib),
0.83-0.73 (2H, m, 2 x H6), 0.64 (3H, t, J = 7.2 Hz, 3 x H D ; (minor)
0.51 (3H, t, J = 7.2 Hz, 3 x HZ);
13C N M R (75 M H z ) (major) 8 197.2 (C=0), 142.5 (Ts-Ci), 141.1
(S-Ar-Ci), 139.3 (Ts-C4), 137.6 (Ar-Ci), 136.9 (COAr-Ci), 134.2 (SAr-Ci), 133.1 (COAr-Ci), 129.6 (Ts-C2.6). 129.1 (Ts-C_5), 128.9 (SAr-Ci_), 128.68 (S-Ar-C2.6). 128.61 (COAr-C2_), 128.03 (COArC3.5). 128.01 (Ar-C3.5). 127.3 (Ar-C4), 126.6 (Ar-C2_.), 70.6 (C4),
38.8 (C3), 37.1 (C2), 25.8 (C5), 21.34 (Ts-CH3), 21.30 (C6), 13.2 (C7);
M S (ES + ve): m/z 598 (M+K+, 20%), 582 (M+Na+, 60), 560 (M+H+,
20), 265 (100);
Anal, calcd for C 3 2 H 3 3 N 0 4 S 2 : C, 68.67; H, 5.95; N, 2.50. Found: C,
68.72; H, 5.86; N, 2.41%.

(4S*, 5R * , SS * ) 4-Phenyl-5-(iV-tosyl-S - p h en y 1
sulfoximidoyl)octan-2-one

(178b)

The title compound was prepared using the general procedure
described above for the synthesis of (178a), except that enone
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(162b) (95 mg, 0.65 mmol) was used instead of (162a). The ti
compound was obtained as a colourless solid (139 mg, 5 6 % d. r. = 98
: 2) after purification by column chromatography

(10% ethyl

acetate/hexane).
m.p. 147-149 oC;
IH N M R (400 M H z ) 8 7.93-7.91 (2H, m, Ts-H2.6). 7.83 (2H, d, J =
8.4 Hz, Ts-H3.5). 7.67 (IH, br. t, J = 7.6 Hz, S-Ar-Hi), 7.57 (2H, t, J =
7.6 Hz, S-Ar-H_5), 7.25-7.17 (5H, m, 5 x Ar-H), 7.08-7.06 (2H, m, SAr-H2.6). 4.25 (IH, ddd, J = 18.8, 4.4, 2.8 Hz, Hi), 3.40 (IH, dt, J =
5.6, 2.8 Hz, Hi), 3.24 (IH, dd, J = 17.2, 4.8 Hz, Hia), 2.95 (IH, dd, J =
17.2, 10.4 Hz, Hib), 2.38 (3H, s, TS-CH3), 2.01 (3H, s, 3 x Hi), 1.691.66 (IH, m, H6a), 1-59-1.51 (IH, m, H6b_), 0.79-0.73 (2H, m, 2 x
H7), 0.43 (3H, t, J = 7.6 Hz, 3 x Hi);
13C N M R (75 M H z ) 8 205.9 (C=0), 142.6 (Ts-Ci), 141.1 (S-Ar-Ci),
139.1 (Ts-C4), 137.5 (Ar-Ci), 134.2 (S-Ar-C4), 129.6 (Ts-C2,6),
129.2 (Ts-C_5), 128.9 (S-Ar-C3.5). 128.7 (S-Ar-C_6), 128.0 (ArC_5), 127.5 (Ar-C4), 126.7 (Ar-C2_), 70.3 (Ci), 42.4 (Ci), 38.6 (Ci),
29.8 (Ci), 25.7 (C6), 21.5 (Ts-CH3), 21.2 (CT), 13.2 (C8);
M S (ES + ve): m/z 536 (M+K+, 25%), 520 (M+Na+, 40), 498 (M+H+,
30), 296 (20), 203 (100), 145 (30);
Anal, calcd for C 2 7H3iN0 4 S 2 : C, 65.17; H, 6.28; N, 2.82. Found: C,
65.05; H, 6.23; N, 2.83%.

(3R*, 4R*, SS*) 3-MethyI-l-phenyl-4-(iV-tosyl-S-phenyl
sulfoximidoyl)heptan-l-one

(178c)

The title compound was prepared using the general procedure
described above for the synthesis of (178a), except that enone
(162c) (95 mg, 0.65 mmol) was used instead of (162a). The title
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compound was obtained as a colourless solid (166 mg, 6 2 % d. r. = 96
: 4) after purification by column chromatography

(25% ethyl

acetate/hexane).
m.p. 150-152 oC;
IH N M R (400 M H z ) 8 7.95-7.93 (2H, m, Ts-H2.6). 7.89-7.87 (2H,
m, Ts-H3.5). 7.71 (2H, d, J = 8.4Hz, Ar-H2.6). 7.68-7.64 (IH, m, SAr-Hi), 7.61-7.53 (3H, m, S-Ar-H3.5 + Ar-Hi), 7.50-7.46 (2H, m,
Ar-Hi_), 7.09 (2H, d, J = 7.6Hz, S-Ar-H2.6). 3.77 (IH, dd, J = 17.2,
4.8 Hz, H2a), 3.31-3.27 (IH, ddd, J = 7.2, 5.2, 2.4 Hz, Hi), 3.20-3.14
(IH, m, Hi), 2.84 (IH, dd, J = 17.2, 8.8 Hz, H2b). 2.23 (3H, s, Ts-CHi),
1.70-1.62 (2H, m, 2 x Hi), 1.32-1.23 (IH, m, K_a), 1-H (3H, d, J =
7.2 Hz, C3-CHa), 1-08-0.99 (IH, m, H6b), 0.71 (3H, t, J = 7.2 Hz, 3 x

HZ);
!3C N M R (75 M H z ) 8 198.9 (C=0), 142.4 (Ts-Ci), 141.0 (S-Ar-Ci),
137.6 (Ts-Ci), 136.9 (Ar-Ci), 134.0 (S-Ar-Ci), 133.2 (Ar-Ci), 129.5
( Ts-C2.6). 129.1 (Ts-C3.5). 128.8 (S-Ar-C3.5). 128.7 (S-Ar-C2.6).
128.2 (Ar-C2_), 126.5 (Ar-C3.5). 69.4 (Ci), 41.5 (C2), 29.5 (Ci),
26.7 (C5), 21.4 (C6), 21.3 (Ts-CH3), 17.3 (C3-CH3), 13.6 (C7);
H R M S : calcd for C 27 H 3 iN0 4 S 2 : 497.16941, found: 497.16762;
Anal, calcd for C 2 7 H 3 iN0 4 S 2 : C, 65.17; H, 6.28; N, 2.82. Found: C,
65.16; H, 6.25; N, 2.81%.

(IS, 2R, 3S)-2-Phenyl-3-propylcyclopropyl phenyl ketone
(179a)

The title compound was prepared using the general procedure
described before for the synthesis of (164a), except that (S)sulfoximine (157) (175 mg, 0.5 mmol) was used instead of (24).
The title compound was obtained as a colourless oil (118 mg, 9 0 % d.
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r. = 99 : 1) after purification by column chromatography (5
acetate/hexane).
iH N M R

(400 M H z ) (major) 8 8.03-8.00 (2H, m, COAr-H2__),

7.57-7.53 (IH, m, COAr-Hi), 7.48-7.45 (2H, m, COAr-Hii), 7.317.27 (2H, m, Ar-H3.5). 7.21-7.17 (3H, m, Ar-H2.4.6). 3.00 (IH, dd, J
= 9.6, 5.2 Hz, Hi), 2.88 (IH, dd, J = 6.8, 5.2 Hz, H D , 2.04-1.96 (IH,
ddt, J = 9.2, 7.2, 6.8 Hz, Hi), 1-71-1.54 (2H, m, C H 2 C H 2 C H 3 ) , 1.431.26 (2H, m, CH 2 CH 3 ), 0.88 (3H, t, J = 7.2 Hz, CH 2 ); (minor) 0.94 (3H,
t,J = 7.2Hz,CH3);
13C N M R (75 M H z ) (major) 8 197.4 (C=0), 141.0 (Ar-Ci), 138.7
(COAr-Ci), 132.6 (COAr-Ci), 128.49 (Ar-C_5), 128.46 (COAr-£D6),
128.0 (COAr-C3.5). 126.4 (Ar-C2.6). 126.3 (Ar-Ci), 34.9 (Ci), 34.1
(C2), 32.3 (C3), 28.4 (CH 2 CH 2 CH 3 ), 22.7 (CH2CH3), 13.8 (CH2CH3);
M S (EI + ve): m/z 264 (M+, 15%), 221 (100), 115 (30), 105 (100),
77 (60);
H R M S : calcd for Ci 9 H 20 O: 264.15142, found: 264.15166;
[a] 23 D +111.30 (C 1.01, acetone).

(IS*, 2R*, 3S*)-2-Phenyl-3-propylcyclopropyl methyl
ketone

(179b)

The title compound was prepared using the general procedure
described above for the synthesis of (179a), except that enone
(162b) (95 mg, 0.65 mmol) was used instead of (162a) and
sulfoximine (157) was racemic. The title compound was obtained as
a colourless oil (59 mg, 58% d. r. = 99 : 1) after purification by
column chromatography (5% ethyl acetate/hexane).
IH N M R (400 M H z ) 8 7.30-7.26 (2H, m, Ar-H3,5), 7.21-7.17 (IH,
m, Ar-Hi), 7.10, 7.08 (2H, m, Ar-H2.6). 2.60 (IH, dd, J = 6.4, 5.2 Hz,
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HI), 2.35 (IH, dd, J = 9.2, 5.6 Hz, Hi), 2.32 (3H, s, COCH3), 1-84-1.76
(IH, ddt, J = 9.2, 7.2, 7.2 Hz, Hi), 1.69-1.50 (2H, m, C H 2 C H 2 C H 3 ) ,
1.44-1.20 (2H, m, CH 2 CH 3 ), 0.92 (3H, t, J = 7.2 Hz, CH 2 CH 3 );
13C N M R (75 M H z ) 8 205.5 (C=0), 140.9 (Ar-Ci), 128.4 (Ar-C3.5).
126.2 (Ar-Ci), 126.1 (Ar-C2.6). 37.3 (Ci), 34.5 (C2), 32.7 (Ci), 32.1
(C2-CH3), 28.0 (CH 2 CH 2 CH 3 ), 22.8 (CH2CH3), 13.8 (CH2CH3);
M S (EI + ve): m/z 202 (M+, 30%), 159 (100), 145 (60), 131 (60),
117(95), 91 (80), 77 (40);
H R M S : calcd for C u H i 8 0 : 202.13577, found: 202.13640.

(IS, 2S, 3S)-2-Methyl-3-propylcyclopropyl phenyl ketone
(179c)

The title compound was prepared using the general procedure
described above for the synthesis of (179a), except that enone
(162c) (95 mg, 0.65 mmol) was used instead of (162a) The title
compound was obtained as a colourless oil (68 mg, 6 8 % d. r. = 96 :
4) after purification

by

column

chromatography

(5% ethyl

acetate/hexane).
iH N M R (400 M H z ) 8 7.99-7.97 (2H, m, Ar-H2.6). 7.56-7.52 (IH,
tt, J = 7.6, 1.6 Hz, Ar-Hi), 7.48-7.44 (2H, m, Ar-H3.5). 2.43 (IH, dd, J
= 8.4, 5.2 Hz, Hi), 1-72 (IH, ddq, J = 6.4, 5.6, 5.2 Hz, Hi), 1.49 (IH,
ddt, J = 8.4, 6.4, 6.0 Hz, Hi), 1.45-1.36 (2H, m, C H 2 C H 2 C H 3 ) , 1.321.20 (2H, m, CH2CH3), 1-17 (3H, d, J = 6.0 Hz, C2-CH3), 0.85 (3H, t, J =
7.2 Hz, CH 2 CH 2 ); (minor) 1.13 (3H, d, J = 6.0 Hz, C2-CH3), 0.88 (3H, t,
J = 7.2 Hz, CH2CHa);
13C N M R (75 M H z ) 8 198.9 (C=0), 139.2 (Ar-Ci), 132.3 (Ar-Ci),
128.4

(Ar-C2_,), 127.9 (Ar-C3.5). 35.6 (Ci), 32.0 (C2_), 28.3

(CH 2 CH 2 CH 3 ), 23.1 (C3), 22.8 (CH 2 CH 3 ), 18.2 (C2-CH3), 13.7 (CH2CH3);
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MS (EI + ve): m/z 202 (M+, 20%), 187 (35), 159 (35), 105 (100) 77
(50);
H R M S : calcd for C M H 1 8 0 : 202.13577, found: 202.13543;
[a] D 23 +76.5° (c 1.55, acetone).

Chapter 5

Allyl phenylsulfone (180)i47

To a solution of allyl phenyl sulfide (109) (3.32 g, 20 mmol) in
acetonitrile (100 m L ) at rt was added a solution of Oxone™ (45 g,
73.5 mmol, in 240 m L of water) and the reaction was stirred for 24
h at rt. The reaction was diluted by the addition of water (100 m L )
and the mixture was extracted with D C M

(3 x 80 m L ) .

The

combined extracts were dried (MgS0 4 ) and evaporated to give the
crude reaction products. The crude products were purified by
distillation (100 °C/0.1 m m H g ) to give the title product (180) as a
colourless oil (3.31 g, 91%).
IH N M R

(300 M H z ) 8 7.990-7.86 (2H, m, Ar-H2.6). 7.69-7.63 (IH,

m, Ar-HA), 7.59-7.53 (2H, m, Ar-H3.5). 5.80 (IH, dddd, J = 17.1,
10.2, 7.5, 7.2 Hz, H2), 5.34 (IH, dd, J = 10.2, 1.2 Hz, Hia), 5.15 (IH,
ddd, J = 117.1, 1.2, 0.9 Hz, H3b). 3.82 (2H, ddd, J = 7.5, 1.2, 0.9 Hz, SCH 2 );
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(£)-l,3-Diphenyl-4-(phenylsulfonyl)-4-hexen-l-one
(188a) and

(IS*, 5S*)

cyclohexen-1-ol

l,5-Diphenyl-4(phenylsulfonyl)-3-

(189a)

To a solution of the allyl phenyl sulfone (180) (182 mg, 1
dry THF (3 mL) and H M P A (358 mg, 2 mmol) at -78 °C was added
rc-BuLi (1 mmol) and the reaction mixture was stirred at -78 °C
under N 2 for 20 min. The enone (162a) (250 mg, 1.2 mmol

in THF

(1 mL)) was added and the reaction was warmed to rt and stirred
for a further 1 hr. The reaction was quenched by the addition of an
aqueous solution of saturated NH 4 C1 (0.2 mL) at rt. Water (10 mL)
was added, and the mixture was extracted with D C M (2 x 15 mL).
The combined extracts were dried (MgS0 4 ) and evaporated and the
crude products were purified by column chromatography on silica
gel. Elution with 2 0 % ethyl acetate/hexane gave the title compound
(188a) as a pale yellow oil (178 mg, 46%) and (18 9a) as a
colourless solid (101 mg, 26%). Compound (189a) was prepared in
56% yield (218 mg) using the procedure described above except
that H M P A was not used and the mixture was stirred for 12 h at rt.
(188a):
IH N M R (300 M H z ) 8 7.98-7.95 (2H, m, 2 x Ar-H), 7.62-7.59 (3H,
m, 3 x Ar-H), 7.49-7.39 (3H, m, 3 x Ar-H), 7.33-7.29 (2H, m, 2 x ArH), 7.18 (IH, q, J = 6.9 Hz, H5), 7.07-7.04 (3H, m, 3 x Ar-H), 6.956.94 (2H, m, 2 x Ar-H), 4.96 (IH, dd, J = 8.4, 5.4 Hz, Hi), 3.93 (IH,
dd, J = 18.0, 8.7 Hz, H2a), 3.64 (IH, dd, J = 18.0, 5,7 Hz, H2b), 1.89
(3H, d, J = 6.9 Hz, 3 x Hi);
13C N M R (75 M H z ) 8 197.2 (Ci), 145.1 (Ar-C), 140.5 (Ar-C), 140.4
(Ar-CH), 138.9 (Ar-C), 136.6 (Ci), 133.3 (Ar-CH), 132.6 (Ar-CH),
128.8 (2 x Ar-CH), 128.6 (2 x Ar-CH), 128.2 (2 x Ar-CH), 128.1 (2 x
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Ar-CH), 127.2 (2 x Ar-CH), 127.6 (2 x Ar-CH), 126.6 (Ci), 40.7 (C
37.5 (Ci), 14.8 (C6);
M S (ES + ve) m/z 413

(M+Na+, 15%), 408 (M+NH 4 +, 25), 391

(M+H+,100);
H R M S calcd for C 24 H 2 20 3 S: 390.12894, found: 390.12955.
(189a):
m.p. 187-188 oc;
lH N M R (400 M H z ) 8 7.49-7.46 (2H, m, 2 x Ar-H), 7.45-7.42 (IH,
m, Ar-H), 7.40-7.33 (3H, m, 3 x Ar-H), 7.29-7.26 (2H, m, 2 x Ar-H),
7.22-7.18 (2H, m, 2 x Ar-H), 7.05-7.03 (IH, m, Ar-H), 6.97-6.90 (4H,
m, 3 x Ar-H + Hi), 4.23-4.16 (IH, m, Hi), 2.98 (IH, ddd, J = 19.2,
4.2, 2.4 Hz, H2a), 2.75 (IH, ddd, J = 18.8, 6.0, 2.4 Hz, H2b), 2.30 (IH,
ddd, J = 14.0, 6.0, 3.2 Hz, H6a). 2.17 (IH, dd, J = 14.0, 11.2 Hz, H6b).
1.95 (IH, s, OH);
13

C N M R (100 M H z ) 8 146.0 (Ar-C), 142.8 (Ar-C), 141.1 (Ar-C),

139.7 (Ar-CH), 138.9 (Ar-CH), 132.1 (Ar-CH), 129.1 (2 x Ar-CH),
128.6 (2 x Ar-CH), 128.4 (2 x Ar-CH), 128.1 (2 x Ar-CH), 127.5 (CA),
127.4 (2 x Ar-CH), 126.8 (Ci), 124.4 (2 x Ar-CH), 71.7 (Ci), 46.1
(C5), 40.7 (CH2), 40.3 (CH2);
M S (ES + ve) m/z 391 (M+H+, 60%), 373 (100), 331 (50), 288 (40);
H R M S calcd for C 2 4 H 2 2 0 3 S: 390.12894, found: 390.12946.

•
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(2s)-3-Methyl-l-phenyl-4-(phenylsulfonyl)-4-hexen-l-one
(188c)

and

(IS*, 5R * )

(phenylsuIfonyl)-3-cyclohex-l-ol

5 - M e t h y l -1-phenyl - 4(189c)

and

(IS*, 5R*)-5-

Methyl-l-phenyI-4-(phenylsulfonyl)-2-cyclohexen-l-oI
(190)

The title compounds were prepared using the general procedu
described above for the synthesis of (188a), except that enone
(162c) (161 mg, 1.1 mmol) was used instead of (162a) and the
reaction was stirred for 12 h in the absence of HMPA. Purification
of the crude reaction mixture by column chromatography (5-10%
ethyl acetate/hexane) gave (188c) as a pale yellow oil (120 mg,
37%), compound

(189c) as a colourless solid (85 mg, 26%) and

compound (190) as a colourless solid (10 mg, 3%).
(188c):
IH N M R (300 MHz) 8 7.83-7.78 (4H, m, 4 x Ar-H), 7.56-7.51 (2H,
m, 2 x Ar-H), 7.44-7.38 (4H, m, 4 x Ar-H), 7.06 (IH, q, J = 7.2 Hz,
Hi), 3.61-3.49 (IH, m, Hi), 3.28 (IH, dd, J = 17.4, 5.7 Hz, _2_), 3.14
(IH, dd, J = 17.4, 7.1 Hz, H2b), 2.03 (3H, d, J = 7.2 Hz, 3 x H6), 1.13
(3H, d, J = 7.2 Hz, CH3);
13C N M R

(100 M H z ) 8 197.8 (Cl). 145.0 (Ar-C), 140.7 (Ar-C),

139.0 (Ar-CH), 136.3 (C4), 133.1 (Ar-CH), 129.0 (2 x Ar-CH), 128.4
(2 x Ar-CH), 127.9 (2 x Ar-CH), 127.7 (2 x Ar-CH + C5), 43.3 (C2),
28.5 (Ci), 19.0 (C6), 14.6 (CH3);
M S (ES + ve) m/z 351 (M+Na+, 20%), 346 (M+NH 4 +, 30), 329 (M+H+,
100);
H R M S calcd for Ci 9 H 20 O 3 S: 328.11329, found: 328.11296.
(189c):
m.p. 169-172 °C;
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iH NMR (300 MHz) 8 7.92-7.88 (2H, m, 2 x Ar-H), 7.64-7.51 (3
m, 3 x Ar-H), 7.47-7.43 (2H, m, 2 x Ar-H), 7.39-7.34 (2H, m, 2 x ArH), 7.30-7.25 (IH, m, Ar-H), 7.11 (IH, ddd, J = 5.4, 2.4, 2.1 Hz, Hi),
2.90-2.82 (IH, m, Hi), 2.76 (IH, br. ddd, J = 18.9, 2.4, 2.1 Hz, Hla),
2.58 (IH, ddd, J = 18.9, 4.8, 2.1 Hz, H2b). 2.02 (IH, ddd, J = 13.8, 5.7,
2.7 Hz, H6a), 1-99 (IH, s, OH), 1-85 (IH, dd, J = 13.8, 10.5 Hz, H6b).
1.10 (3H, d, J = 6.9 Hz, CH3);
13C N M R

(75 M H z ) 8 146.9 (Ar-C), 143.3 (Ar-C), 140.9 (Ar-CH),

137.7 (__), 133.0 (Ar-CH), 129.1 (2 x Ar-CH), 128.5 (2 x Ar-CH),
127.6 (2 x Ar-CH), 127.4 (2 x Ar-CH), 124.4 (2 x Ar-CH), 71.6 (Ci),
44.9 (CH2), 40.3 (CH2), 28.1 (C5), 19.1 (CH3);
M S (ES + ve) m/z 351 (M+Na+, 100%), 329 (M+H+, 80), 143 (80);
H R M S calcd for Ci 9 H 20 O 3 S: 328.11329, found: 328.11332.

(190):
*H N M R (300 M H z ) 8 7.95-7.91 (2H, m, 2 x Ar-H), 7.72-7.67 (IH,
m, Ar-H), 7.63-7.57 (2H, m, 2 x Ar-H), 7.33-7.32 (3H, m, 3 x Ar-H),
6.21 (IH, ddd, J = 9.9, 2.1, 1.2 Hz, Hi), 6.07 (IH, dd, J = 9.9, 3.0 Hz,
H2), 3.65 (IH, ddd, J = 9.0, 2.7, 2.1 Hz, Hi), 2.49-2.38 (IH, m, Hi),
1.93 (IH, ddd, J = 13.8, 4.2, 1.2 Hz, H6a). 1.73 (IH, s, OH), 1-55 (IH,
dd, J = 13.8, 12.6 Hz, H6b). 1.24 (3H, d, J = 6.6 Hz, CH3);
13C N M R

(75 M H z ) 8 146.6 (Ar-C), 138.9 (Ar-CH), 136.7 (Ar-C),

134.0 (Ar-CH), 129.4 (2 x Ar-CH), 129.0 (2 x Ar-CH), 128.3 (2 x ArCH), 127.2 (CH=CH), 124.7 (2 x Ar-CH), 123.5 (CH=CH), 70.1 (Ci),
69.0 (C4), 47.1 (C6), 25.6 (C5), 21.2 (CH3);
M S (ES + ve) m/z 351 (M+Na+, 40%), 346 (M+NH 4 +, 70), 329 (M+H+,
90), 143 (100);
H R M S calcd for Ci 9 H 20 O 3 S: 328.11329, found: 328.11299.
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(Zs)-3[l(Phenylsulfonyl)-l-propenyl]-cyclohexan-l-one

(188e)

The title compound was prepared using the general procedure
described above for the synthesis of (188a), except that enone
(162e) (115 mg, 1.2 mmol) was used instead of (162a). The title
compound was obtained as a pale yellow oil (209 mg, 75%) after
purification

by

column

chromatography

(30%

ethyl

acetate/hexane).
IH N M R (400 M H z ) 8 7.84-7.82 (2H, m, 2 x Ar-H), 7.63-7.60 (IH,
m, (H, m, Ar-H), 7.56-7.52 (2H, m, 2 x Ar-H), 7.08 (IH, q, J = 7.6 Hz,
HD), 2.93 (IH, tt, J = 12.8, 3.6 Hz, cyclo-H), 2.72 (IH, dd, J = 14.0, 6,
13.6 Hz, cyclo-H), 2.39 (IH, m, cyclo-H), 2.72 (IH, dt, J = 14.0, 6.0 Hz,
cyclo-H), 2.11-1.99 (2H, m, 2 x cyclo-H), 1-99 (3H, d, J = 7.6 Hz, CH3),
1.76-1.61 (2H, m, 2 x cyclo-H), 1.54 (IH, ddd, J = 13.3, 4.4, 4.0 Hz,
cyclo-H);
13C N M R (100 M H z ) 8 209.1 (Ci), 143.1 (Ar-C), 140.5 (CT), 138.9
(Ar-CH), 133.2 (2 x Ar-CH), 127.6 (2 x Ar-CH), 45.3 (CH 2 ), 40.8
(CH2), 37.9 (C3), 29.2 (CH2), 25.4 (CH2), 14.5 (CH3);
M S (ES + ve) m/z 301 (M+Na+, 20%), 296 (M+NH 4 +, 35), 279 (M+H+,
100).

(3a, 4(3, 5(3)-4-AcetyI-3,5-diphenyI-cycIohexanone (192)
and (E)-phenyl

(1-propenyl) sulfone

(191)

The title compounds were prepared using the general procedu
described above for the synthesis of (188c), except that enone
(162b) (160 mg, 1.1 mmol) was used instead of (162c) and the
reaction was stirred for 1.5 h at rt. Compound (192) was obtained
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as a colourless oil (36 mg, 12%), while compound (191) was isolated
as a pale yellow oil after purification by column chromatography
(10% ethyl acetate/hexane).
(192): m

NMR

(300 M H z ) 8 7.36-7.21 (8H, m, 8 x Ar-H), 7.06-

7.04 (2H, m, 2 x Ar-H), 3.63 (IH, dd, J = 13.2, 6.3 Hz), 3.55 (IH, dt, J
= 9.9, 4.8 Hz,), 3.45 (IH, br.dd, J = 5.7, 5.7 Hz), 3.20 (IH, ddd, J =
15.3, 9.9, 1.2 Hz), 3.02 (IH, ddd, J = 15.9, 6.3, 0.9 Hz), 2.73 (IH, dd, J
= 15.6, 7.5 Hz), 2.68 (IH, dd, J = 14.1, 3.9 Hz), 1.63 (3H, s, CH3);
13C N M R (75 M H z ) 8 210.8 (C=0), 210.6 (C=0), 143.1 (Ar-C), 140.2
(Ar-C), 129.0 (2 x Ar-CH), 128.7 (2 x Ar-CH), 127.6 (2 x Ar-CH),
127.3 (Ar-CH), 127.2 (2 x Ar-CH), 127.1 (Ar-CH), 58.7 (CH), 44.2
(CH2), 42.9 (CH2), 41.1 (CH), 40.9 (CH), 31.9 (CH3);
M S (ES + ve) m/z 293 (M+H+, 100%), 147 (40);
H R M S calcd for C 20 H 2 o0 2 : 292.14631, found: 292.14451.
(191): IH N M R

(300 M H z ) 8 7.90-7.87 (2H, m, 2 x Ar-H), 7.68-

7.64 (IH, m, 1 x Ar-H), 7.57-7.54 (2H, m, 2 x Ar-H), 7.00 (IH, dq, J =
15.0, 7.2 Hz, H D , 6.35 (IH, dq, J = 15.0, 1.5 Hz, Hi), 1-93 (3H, d, J =
7.2 Hz, CH3);
M S (ES + ve) m/z 183 (M+H+, 50%), 153 (100).

(IS*, 4R*, 6S*)-6-[(Phenylsulfonyl)methyl]-bicyclo[2.2.2]
octan-2-one

(193a)

2-yl]-cyclohexanone

and

3-[l-(l-Phenylsulfonyl)-propen-

(182c)

To a solution of the allyl phenyl sulfone (180) (182 mg, 1
dry THF (3 mL) at -78 °C was added «-BuLi (1 mmol, in hexane)
and the reaction mixture was stirred at -78 °C under N 2 for 20 min.
The enone (162e) (115 mg, 1.2 mmol) was added. The reaction was
warmed to rt and stirred for a further 1 hr. The reaction was
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quenched by the addition of a saturated solution of aqueous
(0.2 mL) at rt. Water (10 mL) was added, and the mixture was
extracted with D C M (2 x 15 mL). The combined extracts were dried
( M g S 0 4 ) and evaporated to give the crude products which were
purified by column chromatography on silica gel. Elution with 3 0 %
ethyl acetate/hexane gave compound (193a) as a pale yellow oil
(137 mg, 49%) and compound (182c) as a pale yellow oil (72 mg,
26%).
(193a):
IH N M R (300 M H z ) 8 7.91-7.88 (2H, m, 2 x Ar-H), 7.70-7.64 (IH,
m, Ar-H), 7.61=7.55 (2H, 2 x Ar-H), 3.05 (IH, dd, J = 13.5, 4.5 Hz, SCHaHb), 2.88 (IH, dd, J = 13.5, 9.0 Hz, S-CHaHb), 2.75-2.65 (IH, m,
Hi), 2.32-2.15 (5H, m), 1.92-1.81 (2H, m), 1.71-1.62 (2H, m), 1.451.38 (IH, m);
13C N M R

(75 M H z ) 8 215.2 (CD, 139.9 (Ar-C), 133.8 (Ar-CH),

129.3 (2 x Ar-CH), 127.8 (2 x Ar-CH), 62.5 (S-CH2), 47.5 (CH), 44.8
(CH2), 33.3 (CH2), 31.1 (CH), 27.7 (CH), 23.0 (CH2), 22.7 (CH2);
M S (EI + ve) m/z 278 (M+, 80%), 137 (50), 92 (100);
H R M S calcd for Ci5Hi803S: 278.09766, found: 278.09724.
(182c):
IH N M R (300 M H z ) 8 7.92-7.80 (2H, m, 2 x Ar-H), 7.65-7.48 (3H,
m, 3 x Ar-H), 5.95 (IH, ddd, J = 17.1, 10.5, 10.2 Hz, H2'), 5.36 (IH,
dd, J = 10.2, 1.2 Hz, H3a'), 4.99 (IH, d, J = 17.1, Hz, H3b'), 3.42 (IH,
dd, J = 6.0, 5.7 Hz, S-CH), 3.20 (IH, m, Hi), 2.46-34 (2H, m), 2.282.12 (3H, m), 2.02-1.94 (2H, m), 1.72-1.61 (IH, m);
13C N M R (75 MHz) 8 215.2 (C=0), 133.6 (Ar-C), 129.2 (2 x Ar-CH),
128.9 (2 x Ar-CH), 128.8 (C=C), 127.8 (2 x Ar-CH), 124.9 (C=C), 76.2
(S-CH2), 43.9 (CH2), 40.8 (CH), 36.9 (CH2), 30.0 (CH2), 24.5 (CH2);
M S (EI + ve) m/z 279 (M+H+, 100%), 193 (20), 137 (15).

Zi 1
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(IS*, 4/?*, 6S*)-6-[(Phenylsulfonyl)methyl]bicyclo[2.2.1]
heptan-2-one

(193b)

The title compound was prepared using the general procedure
described above for the synthesis of (193a), except that 2cyclopenten-1-one

(162d) (98 mg, 1.2 mol) was used instead of

(162e). The title compound was obtained as a pale yellow oil (114
mg, 43%) after purification by column chromatography (30% ethyl
acetate/hexane).
IH N M R (400 M H z ) 8 7.92-7.88 (2H, m, 2 x Ar-H), 7.70-7.64 (IH,
m, Ar-H), 7.61-7.55 (2H, m, 2 x Ar-H), 3.20 (IH, dd, J = 18.0, 5.2 Hz,
S-CHaHb), 2.81 (IH, dd, J = 17.6, 13.2 Hz, S-HaHb), 2.80-2.71 (IH,
m), 2.70-2.64 (IH, br), 2.57-2.55 (IH, br), 2.18-2.28 (IH, m), 2.172.08 (IH, m), 1.82-1.77 (IH, m), 1.76-1.75 (IH, m), 1.72-1.68 (IH,
m), 1.25-1.19 (IH, m);
13C N M R (75 M H z ) 8 215.6 (C2), 139.6 (Ar-C), 133.8 (Ar-CH),
129.3 (2 x Ar-CH), 127.9 (2 x Ar-CH), 59.9 (S-CH2), 54.4 (CH), 46.3
(CH2), 37.9 (CH2), 35.4 (CH), 34.1 (CH2), 31.7 (CH);
M S (ES + ve) m/z 282 (M+NH 4 +, 75%), 265(M+H+, 100);
H R M S calcd for Ci 4 Hi 6 0 3 S: 264.08201, found: 264.08046.

(IR*, 4S*, 6S*)-6-t(Phenylsulfonyl)methyl]-7-triphenyl
methyloxyl-bicyclo[2.2.1]heptan-2-one

(193c)

The title compound was prepared using the general procedure
described above for the synthesis of (193a), except that enone
(162g) (408 mg in 2 m L of THF, 1.2 mol) was used instead of
(162e). The title compound was obtained as a pale yellow oil (242
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mg, 46%, d. r. = 86 : 14) after purification by column
chromatography (20% ethyl acetate/hexane).
iH N M R (300 M H z ) (major) 8 7.83-7.80 (2H, m, 2 x Ar-H), 7.677.62 (IH, m, Ar-H), 7.56-7.52 (2H, m, 2 x Ar-H), 7.43-7.39 (5H, m, 5
x Ar-H), 7.32-7.23 (10H, m, 10 x Ar-H), 4.02 (IH, br, H D , 2.97 (IH,
dd, J = 10.5, 7.8 Hz, S-CHaHb), 2.64 (IH, dd, J = 10.5, 7.8 Hz, SCHaHb), 2.61 (IH, dt, J = 12.9, 2.7 Hz, H_D, 2.54-2.70 (IH, m, Hla),
1.93 (IH, m, Hib), 1.83 (IH, m, Hi), 1.65 (IH, dd, J = 13.5, 1.5 Hz,
HI). 1.60 (IH, br, H5a). 1.05 (IH, dd, J = 10.5, 3.9 Hz, H5b): (minor)
(in part) 3.97 (IH, br, H D , 2.73 (IH, dd, J = 10.5, 7.8 Hz, S-CHaHb),
1.74 (IH, dd, J = 14.7, 1.2 Hz, Hi), 1.22 (IH, dd, J = 9.6, 3.3 Hz, H5b);
13C N M R

(75 M H z ) (major) 8 214.8 (C2), 144.0 (3 x Ar-C), 139.6

(Ar-C), 133.9 (Ar-CH), 129.3 (3 x Ar-CH), 128.4 (6 x Ar-CH), 128.1
(6 x Ar-CH), 127.8 (2 x Ar-CH), 127.4 (2 x Ar-CH), 87.5 (C-O), 80.5
(C7), 59.6 (S-CH2), 57.9 (CH), 42.6 (CH2), 38.9 (CH), 31.7 (CH 2 ), 26.9
(CH); (minor) 212.4 (C2), 144.01 (3 x Ar-C), 139.3 (Ar-C), 133.7
(Ar-CH), 129.29 (3 x Ar-CH), 128.3 (6 x Ar-CH), 128.15 (6 x Ar-CH),
128.06 (2 x Ar-CH), 127.5 (2 x Ar-CH), 87.3 (C-O), 78.7 (CT), 59.2 (SCH 2 ), 58.6 (CH), 45.3 (CH2), 39.7 (CH), 32.9 (CH2), 29.7 (CH);
M S (ES + ve) m/z 545 (M+Na+, 30%), 450 (M+NH 4 +, 40), 523 (M+H+,
5), 243 (100);
H R M S calcd for C33H3o04S: 522.18645, found: 522.18860.
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(IS*, 4S*, 6S*)-3-Methyl-7-(2-propenyl)-6(phenylsulfonyl)methylbicyclo[2.2.2]octan-2-one
and

(193d)

6-[(3-Oxo-2-methyl-2-(2-propenyl))cycIohexyl]-2-

methyl-5-(2-propenyl)-2-cyclohexenone

(207)

and

(E)-3-

[l-(3-Phenylsulfonyl)-prop-2-enyl]-5-(2-propenyI)-2cyclohexanone

(183c)

The title compound were prepared using the general procedur
described above for the synthesis of (193a), except that 2cyclopenten-1-one
(162e).

(162f) (180 mg, 1.2 mol) was used instead of

Purification

by

column

acetate/hexane) gave compound

chromatography

(20% ethyl

(193d) as a pale yellow oil (99

mg, 30%, d. r. = 81 : 19), compound (207) as a pale yellow oil ( 22%,
d. r. = 72 : 28) and compound (183c) in a small amount (<5 mg) as a
pale yellow oil.
(193d):
lH N M R (300 M H z ) (major) 8 7.91-7.86 (2H, m, 2 x Ar-H), 7.697.64 (IH, m, Ar-H), 7.60-7.55 (2H, m, 2 x Ar-H), 4.71 (IH, br, s,
C=CHaHb), 4.63 (IH, br, s, C=CHaHb), 3.05 (IH, dd, J = 13.8 9.4 Hz, SCHaHb), 2.87 (IH, dd, J = 13.8 4.2 Hz, S-CHaHb), 2.78-2.67 (IH, m,
Hi), 2.60-2.58 (IH, m, H7), 2.36-2.31 (IH, m, Hi), 2.25-2.14 (IH, m,
H5a), 2.10-2.04 (IH, m, H8a). 2.02-1.96 (IH, m, Hi), 1.92-1.80 (IH,
m, Hi), 1-68 (3H, s, =C-CHa), 1.70-1.59 (2H, m, _5b, + H8b), 1-08 (3H,
d, J = 7.5 Hz, C3-CH3J; (minor) (in part) 4.97 (IH, br, s, C=CHaHb),

4.84 (IH, br, s, C=CHaHb), 1.73 (3H, s, =C-CHa), 1-06 (3H, d, J = 6.9 Hz,
C3-CHi);
13C N M R

(100 M H z ) (major) 8 217.3 (Ci), 146.8 (Ar-C), 139.6

(Ar-CH), 133.8 (C=CH 2 ), 129.2 (2 x Ar-CH), 127.7 (2 x Ar-CH), 110.0
(CH2=C), 62.5 (S-CH2), 51.5 (CH), 47.5 (CH), 43.7 (CH), 33.7 (CH), 32.7
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(CH2), 31.4 (CH), 25.2 (CH2), 21.8 (CH3), 13.0 (CH3); (minor) 217.5
(Ci), 147.4 (Ar-C), 143.5 (Ar-CH), 133.6 (C=CH 2 ), 129.3 (2 x Ar-CH),
127.6 (2 x Ar-CH), 111.0 (CH2=C), 62.0 (S-CH2), 51.6 (CH), 47.3 (CH),
45.5 (CH), 34.3 (CH), 33.0 (CH2), 30.9 (CH), 27.0 (CH 2 ), 22.7 (CH 3 ),
12.3 (CH3);
M S (ES + ve) m/z 350 (M+NH+, 100%), 333 (M+H+, 50);
H R M S calcd for Ci 9 H 24 0 3 S: 332.14459, found: 332.14330.
(207):
iH N M R (300 M H z ) 8 6.59 (IH, br, Hi), 4.83 (IH, dd, J = 1.2, 0.9
Hz, =CHH), 4.81 (IH, d, J = 1.2 Hz, =CHH), 4.74 (IH, d, J = 0.6 Hz,
= C H H ) , 4.66 (IH, br, =CHH), 2.74-2.36 (7H, m), 2.22-2.13 (IH, m),
1.92-1.81 (IH, m), 1.80-1.69 (IH, m), 1.74 (3H, d, J = 1.8 Hz, CH3),
1.73 (3H, s, CH3), 1-59 (3H, t, J = 0.6 Hz, CH3), 1-12 (3H, d, J = 7.2 Hz,
C2-CH3);
13C N M R (75 M H z ) 8 212.8 (C=0), 201.4 (C=0), 146.6 (=C), 144.9
(=C), 142.0 (=CH), 112.6 (=CH), 111.8 (=CH), 50.1 (CH), 46.9 (CH), 42.4
(CH), 41.8 (CH2), 40.1 (CH), 35.2 (CH), 27.8 (CH2), 26.9 (CH 2 ), 21.4
(CH3), 20.9 (CH3), 15.9 (CH3), 11.8 (CH3);
M S (EI + ve) m/z 300 (M+, 15%), 150 (100), 135 (75), 109 (65), 86
(95), 47 (75);
H R M S calcd for C 2 0 H 2 8 O 2 : 300.20890, found: 300.20848.
(183c):
IH N M R (300 M H z ) (major) 8 7.89-7.85 (2H, m, 2 x Ar-H), 7.657.59 (H, m, Ar-H), 7.56-7.51 (2H, m, 2 x Ar-H), 6.92 (IH, ddd, J =
15.0, 8.1, 6.6 Hz, H D ) , 6.38 (IH, ddd, J = 15.0, 1.5, 1.2 Hz, Hi.), 4.81
(IH, d, J = 0.6 Hz, Hl"a). 4.64 (IH, br, Hl"b). 2.61-2.55 (2H, m, H i +
H6a), 2.49-2.38 (2H, m, H3'a + H6b), 2.26-2.18 (IH, m, H3'b), 2.172.08 (IH, m, H D , 1.96-1.88 (IH, m, Hia), 1.86-1.74 (IH, m, H i ) ,
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1.67-1.58 (IH, m, H4b). 1.64 (3H, s, CH_), 1.09 (3H, d, J = 6.
CHa);
13C N M R

(75 M H z ) (major) 8 211.9 (Cl). 146.1 (Ar-C), 143.9

(CH), 133.3 (CH), 132.7 (CH), 129.3 (2 x Ar-CH), 127.5 (2 x Ar-CH),
119.2 (Cl"). 49.1 (CH), 43.6 (CH 2 ), 40.2 (CH), 39.1 (CH), 35.5 (CH 2 ),
31.5 (CH 2 ), 21.5 (CH 3 ), 13.4 (CH 3 );
M S (ES + ve) m/z 350 ( M + N H 4 + 100%), 333 (M+H+, 45).

6-[(PhenylsuIfonyl)methyl]bicyclo[2.2.2]octan-2-yl 3,5dinitrobenzoate

(195)

To a solution of (193a) (100 mg, 0.36 mmol) in MeOH (3 mL) at 0
°C

was added sodium borohydride (27 mg, 0.72 mmol).

The

reaction mixture was warmed to rt and stirred for 1 hr. T L C
analysis of the reaction indicated complete consumption of the
starting material. Several drops of acetone were added to quench
the reaction. M e O H was then removed in vacuo. Water (10 m L ) and
D C M (2 x 15 m L ) were added and the combined D C M extracts were
dried

( M g S 0 4 ) and evaporated to give crude product. The crude

product was dissolved in pyridine (2 m L ) and 3,5-dinitrobenzoyl
chloride (83 mg, 0.36 mmol) was added portionwise at 0 °C. After
the addition was complete, the reaction mixture was warmed to rt
and stirred overnight. The reaction mixture was treated with water
(10 m L ) and then extracted with D C M (2 x 15 mL). The combined
extracts were washed with a aqueous solution of 1 0 % HC1 (2 x 10
m L ) and then water (10 mL). The D C M layer was dried (MgS0 4 ) and
evaporated to give the crude product which was purified by
column

chromatography

on

silica

gel. Elution

acetate/hexane gave (195) (160 mg, 9 5 % overall yield).

with

ethyl

iH N M R (400 M H z ) 8 9.21 (IH, dd, J = 2.4, 2.0 Hz, Ar-Hi), 9.05
(2H, d, J = 2.4 Hz, Ar-H2.4). 7.82-7.80 (2H, m, S-Ar-HD6), 7.66-7.62
(IH, m, S-Ar-Hl), 7.59-7.53 (2H, m, S-Ar-H3.5). 5.33 (IH, ddt, J =
7.5, 2.7, 0.6 Hz, H D , 3.39 (IH, dd, J = 10.5, 3.9 Hz, S-CHaHb), 3.30
(IH, dd, J = 7.2, 6.0 Hz, S-CHaHb), 2.52-2.44 (IH, m), 2.29-2.22 (IH,
m), 2.11-2.03 (IH, m), 1.88-1.83 (IH, m), 1.79-1.71 (IH, m), 1.691.64 (IH, m), 1.58-1.50 (3H, m), 1.45-1.40 (IH, m);
13C N M R (100 M H z ) 8 162.4 (C=0), 148.7 (Ar-C), 139.9 (Ar-CH),
134.3 (Ar-C), 133.7 (Ar-CH), 129.3 (Ar-CH), 129.0 (Ar-CH), 127.6
(Ar-CH), 122.2(Ar-CH), 76.6 (C2), 63.2 (S-CH2), 34.9 (cyclo-C), 34.0,
32.6, 29.3, 24.9, 24.5, 22.9;
M S (ES + ve) m/z 497 (M+Na+, 50%), 492 (M+NH+, 40), 475 (M+H+,
90), 360 (95), 263 (100);
H R M S calcd for C 2 2 H 2 2 N 2 0 8 S: 474.10965, found: 474.10798.

4-[l-(3-(JV-Tosyl-S-phenyIsulfoximdoyl)-propen-2-yl]-3triphenylmethoxylcyclopentanone

(208)

To a solution of the sulfoximine (24) (84 mg, 0.25 mmol) in
(3 mL) at -78 °C was added n-BuLi (1 mmol, in hexane) and the
reaction mixture was stirred at -78 °C under N 2 for 30 min. The
enone (162g) (102 mg, 1.2 mmol) in THF (1 m L ) was added at -78
°C. After 3 min the reaction was quenched by the addition of a
saturated solution of aqueous NH 4 C1 (0.2 mL) at -78 °C. Water (10
mL) was added, and the mixture was extracted with D C M (2 x 15
mL). The combined extracts were dried (MgS04) and evaporated to
give

the

crude

chromatography

products
on

silica

which
gel.

were

purified

Elution

with

by
30%

column
ethyl

acetate/hexane gave the title product as a pale yellow oil (151 mg,
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91%, d. r. = 1 : 1). The NMR data given below is on a 1 :
two

diastereoisomers

(indicates

resonances

for

the

two

diastereoisomers of (208)).
IH N M R

(400 M H z ) (mixture) 8 7.86-7.80 (4H, m, 4 x Ar-H),

7.68-7.64 (IH, m, Ar-H), 7.57-7.52 (2H, m, 2 x Ar-H), 7.43-7.39 (6H,
m, 6 x Ar-H), 7.31-7.21 (11H, m, 11 x Ar-H), 6.73-6.63 (IH, m, H D ) ,
6.27* (IH, d, J = 4.4 Hz, Hi)/6.23* (IH, d, J = 4.4 Hz, H i ) , 3.97* (IH,
dd, J = 8.0, 4.4 Hz, H i )/3.93* (IH, dd, J = 8.8, 4.0 Hz, Hi), 2.59-2.49
(IH, m, H5a), 2.40 (3H, s, Ts-CHa), 2.24-2.14 (IH, m, Hl'a). 2.12-2.02
(IH, m, H5b), 2.00 (IH, d, J = 5.2 Hz, H2a). 1.94 (IH, dd, J = 5.2, 4.0
Hz, H2b), 1.82-1.78 (IH, m, Hib), 1.72 (IH, ddd, J = 23.2, 5.2, 4.4 Hz,

Hi);
13C N M R (75 MHz) (mixture) 8 215.3* (C_)/215.2* (Ci), 145.09
(Ar-CH), 145.07 (Ar-CH), 144.1 (3 x Ar-C), 142.8 (Ar-C), 140.9 (ArC), 138.33 (Ar-C), 138.37 (Ar-C), 134.02 (Ar-CH), 131.0 (Ar-CH),
133.99 (Ar-C), 129.6 (Ar-CH), 129.2 (Ar-CH), 128.7 (Ar-CH), 128.0
(Ar-CH), 127.68 (CH=CH), 127 66 (Ar-CH), 127.5 (Ar-CH), 126.6
(CH=CH), 87.7 (C-O), 75.26* (_3)/75.21* (Ci), 44.88 (CH 2 ), 44.78
(CH2), 41.76 (CH), 41.54 (CH), 41.38 (CH2), 41.31 (CH2), 34.52 (CH 2 ),
34.47 (CH2), 21.5 (Ts-CH3);
M S (ES + ve) m/z 676 (M+H+, 45%), 416 (90), 244 (100), 155 (85),
121 (100);
H R M S calcd for C 4 0 H 3 7 NO 5 S 2 : 675.21127, found: 675.21132.

6-(iV-Tosyl-S-methylsulfoximdoyl)-7-triphenylmethoxyl
bicyclo[2.2.1]heptan-2-one

(209)

To a solution of the sulfoximine (24) (84 mg, 0.25 mmol) i
(3 mL) at -78 °C was added «-BuLi (1 mmol, in hexane) and the
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reaction mixture was stirred at -78 °C under N2 for 30 min.
enone (162g) (102 mg, 1.2 mmol) in THF (lmL) was added at -78
°C. After 3 min the reaction was warmed to rt and stirred for 1 h at
rt. The reaction was then quenched by the addition of a saturated
solution of aqueous NH 4 C1 (0.2 mL) at -78 °C. Water (10 m L ) was
added, and the mixture was extracted with D C M (2 x 15 mL). The
combined extracts were dried (MgS0 4 ) and evaporated to give the
crude products which were purified by column chromatography on
silica gel. Elution with 5-25% ethyl acetate/hexane gave the title
product as a pale yellow oil (55 mg, 33%, d. r. = 83 : 17).
lH N M R (400 M H z ) (major) 8 7.87-7.84 (2H, m, 2 x Ar-H), 7.777.75 (2H, m, 2 x Ar-H), 7.71-7.67 (IH, m, Ar-H), 7.58-7.54 (2H, m, 2
x Ar-H), 7.39-7.37 (4H, m, 4 x Ar-H), 7.31-7.25 (IH, m, Ar-H), 7.227.19 (2H, d, J = 8.4 Hz, 2 x Ar-H), 3.95 (IH, br, HI), 3.33 (IH, dd, J =
14.4, 4.0 Hz, S-CHaHb), 2.91 (IH, dd, J = 14.4, 9.6 Hz, S-CHaHb), 2.58
(IH, br, d, J = 17.6 Hz, H3a), 2.53 -2.48 (IH, m, H6), 2.37 (3H, s, TsCH3), 1.80-1.72 (IH, m, H5a). 1.67 (IH, br, d, J = 4.4 Hz, Hi), 1.61
(IH, dd, J = 17.6, 1.6 Hz, H3b), 1.56-1.52 (IH, m, Hi), 0.96 (IH, dd, J
= 13.6, 5.2 Hz, H5b); (minor) 7.87-7.85 (2H, 2 x Ar-H), 7.76-7.74
(2H, 2 x Ar-H), 7.70-7.66 7.58-7.54 (2H, 2 x Ar-H), 7.39-7.36 (6H, 6
x Ar-H), 7.30-7.24 (9H, 9 x Ar-H), 7.21 (2H, d, J = 8.4 Hz, 2 x Ar-H),
3.94 (IH, br, HI), 3.15-3.12 (2H, m, S-CH2), 2.58 (IH, br, d, J = 18.8
Hz, H3a), 2.47-2.41 (IH, m, Hi), 2.38 (3H, Ts-CH3), 1.83-1.74 (IH, m,
Hia), 1.66-1.64 (IH, m, Hi), 1.60 (IH, br, H3b), 1.57-1.52 (IH, br,
Hib), 0.97 (IH, dd, J = 13.6, 5.2 Hz, _5b);
13c N M R

(100 M H z ) (major) 8 214.6 (C2), 143.9 (Ar-C), 142.8

(Ar-C), 140.5 (Ar-C), 137.3 (Ar-C), 134.5 (Ar-CH), 129.7 (Ar-CH),
129.2 (Ar-CH), 128.3 (Ar-CH), 128.14 (Ar-CH), 128.09 (Ar-CH),
127.4 (Ar-CH), 126.2 (Ar-CH), 87.5 (C-O), 80.2 (C7), 61.5 (Ci), 57.5
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(Ci), 42.6 (CH2), 38.8 (C4), 31.2 (CH2), 27.2 (CH), 21.5 (Ts-CH3)
(minor) 214.4 (CD), 143.8 (3 x Ar-C), 142.7 (Ar-C), 140.6 (Ar-C),
137.3 (Ar-C), 134.4(Ar-CH), 129.6 (Ar-CH), 129.2 (Ar-CH), 128.3
(Ar-CH), 128.2 (Ar-CH), 128.1 (Ar-CH), 128.0 (Ar-CH), 127.4 (ArCH), 126.6 (Ar-CH), 87.4 (C-O), 80.3 (CT), 61.6 (CH2), 57.5 (CH), 42.5
(CH2), 38.7 (CH), 31.7 (CH2), 27.0 (CH), 21.5 (Ts-CH3);
M S (ES + ve) m/z 698 (M+Na+, 50%), 693 (M+NH4+, 20), 676 (M+H+,
15), 445 (100), 327 (90), 249 (50);
H R M S calcd for C 4 0 H 3 7 NO 5 S 2 : 675.21127, found: 675.21132.
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